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Abstract  
This study has adopted a systematic approach to identify the extent to which 20 kHz 
ultrasound affects the particle size and solubility of different protein solutions containing 4%, 
7% and 10% whey proteins, caseins or a mixture at a range of energy densities (15-400 J/mL) 
and various pH (4.0-9.0). Milk proteins hold a prominent place in the food industry as they are 
used in many manufactured products for their functionality and most importantly nutritional 
benefits. Various dairy ingredients are currently used in food processing, with notable 
constituents including whey protein concentrate (WPC), whey protein isolate (WPI), milk 
protein concentrate (MPC), and sodium caseinate (Na-CN). To produce these fundamental 
ingredients, the starting material of bovine milk is fractionated and spray dried to render it into 
a powder form. Subsequent use in manufacturing of these ingredients requires them to have a 
high solubility as the most crucial aspect to ensure the overall quality of the product.  
Over the years, various technological innovations have been developed for the food 
manufacturing industry; one such novel innovation with commercialisation potential is low 
frequency (20 kHz) ultrasound, which has been extensively researched to determine its effect 
on milk ingredients and commercial viability. Research to date has revealed that low frequency 
ultrasound generates acoustic cavitation, which is a process that releases vast amounts of 
energy, in the form of heat, pressure and shear, which can be exploited for various food 
processing purposes.  
In research for this thesis, the physical shear generated by sonication at a frequency of 
20 kHz was used to treat reconstituted protein solutions. WPC, WPI, MPC and Na-CN were 
reconstituted in water to 4%, 7% and 10% (w/w) protein concentrations at various pH (4.0, 4.6, 
6.7 and 9.0) levels. The reconstituted suspensions were then sonicated at a range of energy 
densities (15, 30, 150, 300 and 400 J/mL), which correspond to a contact time of 26 seconds, 
51 seconds, 4 minutes and 27 seconds, 8 minutes and 54 seconds and 11 minutes 37 seconds, 
respectively. The particle size, surface charge and solubility were measured before and after 
sonication. In the case of reconstituted sodium caseinate, the solution viscosity was also 
determined. 
Previous literature has shown that ultrasound reduces the particle size of suspensions and 
it was hypothesised that low frequency ultrasound will improve the solubility of reconstituted 
protein powders by reducing the size of the large insoluble aggregates. Past studies, however, 
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only explored the effects of sonication at random and often excessive and unjustified energy 
densities and a systematic study was required to identify optimal treatment conditions that serve 
a practical purpose. Furthermore, the pH of sonicated solutions was neglected and a pragmatic 
and comprehensive study exploring a range of alkali, pH neutral and acidic environments was 
lacking. Since the solubility of the powders is mainly affect by the composition, a systematic 
design was incorporated into this study to identify the effects of ultrasonic treatment on protein 
suspensions containing only whey proteins (WPC and WPI), containing only casein proteins 
(Na-CN) and containing a mixture of casein and whey proteins (MPC).  
The results demonstrate that low frequency ultrasound reduces the particle size of the 
aforementioned reconstituted dairy ingredients when larger aggregates are present in the first 
26 seconds of treatment. For example, the particle size prior to sonication for 10% protein WPC 
solutions reconstituted to pH 6.7 was 31 µm and after 26 seconds sonication or the equivalent 
to an applied energy density (ED) of 15J/mL, the particle size was reduced to approximately 
17µm. The particle size continues to reduce as the ED increases to 30 J/mL and up to 150 J/mL 
for all pH and protein concentrations trialled. Beyond this ED, however, there were minor 
changes (p > 0.05) in the particle size. Furthermore, the data exhibit that particle size reduction 
corresponds to improved solubility. The data indicated that protein solutions at pH 4.0-4.6 were 
close to the isoelectric point (IEP) for all dairy ingredients studied. This indicates that at the 
IEP, the solubility was at its lowest due to protein aggregation. Under extreme alkali and acidic 
environments, the protein solutions sometimes gelled and the solubility and particle size could 
not be determined as was the case for sodium caseinate at pH 4.0 and 4.6. 
From the data, it is indicated that the solubility was improved and particle size was 
initially reduced after 15J/mL sonication. However, the solubility and particle size become 
consistent at 150 J/mL sonication and there is neither further reduction in particle size nor 
improvement in solubility. The highest solubility for all dairy ingredients was achieved by 
adjusting the pH to 9.0.  
Findings suggested that there is little to no effect on the surface charge of the protein 
solutions, which is consistent with prior research findings, namely, that low frequency 
ultrasound generates a physical effect rather than a chemical effect.  
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Chapter 1.0 Introduction 
 
1.1 Background  
There is currently substantial demand for dairy products in commercial markets as their 
nutritional benefits are now generally accepted (Dairy Australia, 2017). This suggests that the 
ingredients of these products must exhibit good functionalities such as solubility and 
reconstitution. The main categories of powdered protein ingredients are either whey or casein 
based. Dairy ingredients that fall into these categories and those which are widely used in food 
manufacturing include WPC, WPI, MPC and Na-CN. Customary, commercial practice requires 
that all these ingredients are rendered into powders. This means that when the powders are to 
be reconstituted, their solubility should be high. The profitability of dairy products and this 
requirement of high solubility has led to research into technological advancements which 
facilitate the process of increasing the solubility of the powdered constituents of dairy products; 
one such innovation is ultrasound (Jambrak et al., 2007). Although, ultrasound has been used 
for research purposes for decades, it is seldom used in food processing with much of the 
reported literature focused on laboratory and pilot scale applications (Chemat, Zill-e-Huma & 
Khan, 2011; Jambrak et al., 2007). However, with this in mind, ultrasound could be widely 
applicable in the food industry, especially in the field of dairy technology, where it will be 
useful in increasing both the yield and productivity in certain applications, thereby reducing 
the operation time and resulting in a quality product (Chemat et al., 2011). 
 Ultrasound produces non-audible sound waves at frequencies over 20 kHz (Man & 
Karmakar, 2010; Kane et al., 2014). This leads to acoustic cavitation which in turn, generates 
mechanical, physical, and chemical effects that are strong enough to break intramolecular 
molecular bonds (Zisu, Schleye & Chandrapala et al., 2012). Research conducted on the 
practical application of ultrasound on reconstituted WPC, WPI, MPC and Na-CN seems to be 
a relatively new scientific endeavour (Yanjun et al., 2013; Zisu et al., 2011).   
In the last decade, there has been considerable research reported in the literature 
regarding the effects of ultrasound on milk proteins, whey proteins and reconstituted protein 
solutions (Chandrapala et al., 2010; Koh et al., 2013; Shanmugam, Chandrapala & 
Ashokkumar, 2012; Yanjun et al., 2013; Chemat.et al., 2011; Zisu et al., 2012;). Many of these 
studies focused on the physical effects of reconstituted whey protein powders following low 
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frequency (20 kHz) ultrasonic treatment. These studies have reported the effects of ultrasound 
on the physical characteristics of milk proteins before and after sonication including gelation, 
viscosity, particle size reduction and heat stability; however, when it comes to the critical 
property of powder solubility, the effect of energy densities, protein concentrations, protein 
type and pH has not been extensively evaluated and requires detailed investigation.  
Furthermore, the effects of ultrasound on the particle size and solubility of MPC powders over 
a range of energy densities and pH have also received little scientific consideration (McCarthy 
et al., 2014). MPC powders are notoriously difficult to solubilise during ambient temperature 
reconstitution and requires investigation. This thesis seeks to address this area of deficiency by 
determining the effect of 20 kHz ultrasound on the particle size and solubility of reconstituted 
WPC, WPI, MPC and Na-CN at a range of pH (pH 4.0, 4.6, 6.7 and 9.0), protein concentrations 
(4, 7 and 10%), and energy densities (15, 30, 150, 300 and 400 J/mL).  
 
1.2 Expected Outcomes  
This study seeks to determine whether low frequency 20 kHz ultrasound will have an 
effect on reducing the particle size of the reconstituted protein powders and improving their 
final solubility. It is hypothesised that ultrasound will be successful in breaking down the 
insoluble aggregates of reconstituted protein powders and in turn will (because the breaking 
down) lead to an increase in solubility. The extent to which these effects occur is largely 
dependent on the protein type, concentration, pH and the applied energy density (ED) of 
ultrasonic treatment; all of which will be answered in this thesis. 
 
1.3 Objectives and Research Questions  
The primary objectives and the research questions to be addressed in this paper are as 
follows:  
1. To use low frequency 20 kHz sonication to reduce the particle size and improve the 
solubility of reconstituted WPC, WPI, MPC and Na-CN. 
1.1. What is the applied ED required to reduce and control the particle size of 
reconstituted WPC, WPI, MPC and Na-CN? 
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1.2. How do processing parameters (including protein concentration and pH) affect 
the particles size of reconstituted WPC, WPI, MPC and Na-CN? 
 
1.3. Does ultrasound have an effect on the surface charge of reconstituted WPC, WPI, 
MPC and Na-CN protein suspensions? 
 
1.4. What is the effect of ultrasound on the solubility of reconstituted WPC, WPI, 
MPC and Na-CN? 
 
1.4 Outline of This Thesis 
This thesis is divided into seven chapters, the outlines of which are as follows: 
 
Chapter 1: Introduction 
This chapter outlines the background of this thesis. It will identify the gaps of information 
available in literature resulting from prior scientific studies in this field, as well as explain the 
significance: scientific and commercial of conducting research on the effect of ultrasound on 
the physical characteristics of a range of protein powders. The hypothesis and rationale will 
also be outlined in this chapter, along with the objectives and research questions that will be 
achieved and answered throughout the thesis. 
 
Chapter 2: Literature Review   
This chapter provides a detailed literature review as well as an explanation of the relevant 
theories associated with the effect of ultrasound when applied in food processing through 
evaluation of appropriate research which has been published on its application. This chapter 
will also consist of a detailed literature review regarding solubility and the powder properties 
of WPC, WPI, MPC, and Na-CN. 
 
Chapter 3: Effect of Low Frequency Sonication on the Solubility and Physical 
Characteristics of Reconstituted Whey Protein Concentrate 
This chapter examines the effects of low frequency 20 kHz sonication (at a range of 
energy densities: 15, 30, 150, 300 and 400 J/mL) on the particle size, zeta potential and 
 4 
 
solubility of reconstituted WPC whey protein suspensions. The WPC is reconstituted to 4, 7 
and 10% protein concentration and the effect of pH is examined before and after sonication at 
pH 4.0, 4.6, 6.7 and 9.0. 
 
Chapter 4: Effect of Low-Frequency Ultrasound on the Solubility and Physical 
Characteristics of Reconstituted Whey Protein Isolate 
This chapter examines the effects of low frequency 20 kHz sonication at 15, 30, 150, 300 
and 400 J/mL on the particle size, zeta potential and solubility of whey protein suspensions. 
Unlike chapter 3, a higher whey protein and lower lactose WPI powder was reconstituted to 4, 
7 and 10% protein concentration and the effect of pH were examined before and after 
sonication at pH 4.0, 4.6, 6.7 and 9.0. 
  
Chapter 5: Effect of Low Frequency Sonication on the Solubility and Physical 
Characteristics of Reconstituted Milk Protein Concentrate 
In this chapter, the effects of low frequency 20 kHz sonication were examined on 
reconstituted MPC protein suspensions which contain both casein and whey proteins. 
Suspensions were then sonicated at 15, 30, 150, 300 and 400 J/mL. The particle size, zeta 
potential and solubility of reconstituted MPC suspensions were examined at 4, 7 and 10% 
protein concentration and the effect of pH examined before and after sonication at pH 4.0, 4.6, 
6.7 and 9.0. 
 
Chapter 6: Effect of Low Frequency Sonication on the Solubility and Physical 
Characteristics of Reconstituted Sodium Caseinate 
This chapter examines the effects of low frequency 20 kHz sonication on casein only 
suspension at 15, 30, 150, 300 and 400 J/mL on the particle size, zeta potential, viscosity and 
solubility of sodium caseinate solutions reconstituted to 4, 7 and 10% protein concentration 
and the effect of pH is examined before and after sonication at pH 4.0, 4.6, 6.7 and 9.0. 
 
Chapter 7: Conclusion and Future Recommendations  
This chapter summarises all findings for the experimental chapters and provides the 
overall conclusion of the thesis as well as provide suggestions for future scientific research in 
this area.  
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Chapter 2.0 Literature Review 
 
2.1 The Australian Dairy Industry  
One of the largest rural industries in Australia is the dairy industry which is estimated to 
be worth $13 billion (Dairy Australia, 2017). According to Dairy Australia (2017), the 
Australian dairy farms produce approximately 9.7 billion litres of milk a year. This produce is 
then processed into manufacturing dairy ingredients, such as whey protein powders, skim milk 
powders, and whole milk powders among other products. Many of these products exceed local 
demand and are often exported to satisfy overseas demand. Table 1.1 and Table 1.2 illustrate 
the levels of demand for these products and other dairy ingredients, as well as the profits from 
the sale of these goods.  
The data in table 2.1 and table 2.2 also indicate that there is an increasing trend in the 
demand for whey products, including WPC powders and WPI. WPC and WPI powders are in 
demand due to their nutritional qualities and the functions they serve in the food manufacturing 
process; such as altering the sensory and processing characteristics of the product (Pearce, 
2008). 
Other milk ingredients which are highly sought after in overseas and domestic markets 
include MPC and Na-CN. MPC and Na-CN also have well-defined fields of application in food 
manufacturing, also due to their functionalities and nutritional benefits. Each of the aforesaid 
diary ingredients have unique qualities and functions which contribute to food manufacturing 
as key ingredients (Pearce, 2008). To produce these ingredients, the first raw material required 
is bovine milk. 
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Table 2.1. Amount (Tonnes) of dairy ingredients exported overseas in 2015 – 2017. 
 
Milk Ingredients 2015/2016 2016/2017  
 
 
July April July April Change (%) 
SMP 
Milk 
Other Cheese 
Mixtures 
WMP 
Cheddar 
Other Dairy Products 
Whey Products 
Butter 
Butter Oil 
Total 
156,429 
149,518 
94,445 
70,536 
62,011 
43,124 
39,420 
25,294 
16,588 
6,901 
664,266 
123,044 
152,690 
92,438 
70,242 
73,251 
44,800 
46,519 
30,669 
12,526 
4,399 
650,580 
-21.3 
2.1 
-2.1 
0.4 
18.1 
3.9 
18.0 
3.9 
21.2 
24.5 
36.3 
Source: (Dairy Australia, 2017)  
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Table 2.2 The value ($AUD) of Australian ingredients exported overseas in 2015 – 2017. 
 
Milk Ingredients 2015/2016 2016/2017  
 
 
July April July April Change (%) 
WMP 
Other Cheese 
SMP 
Mixtures 
Cheddar 
Milk 
Other Dairy Products 
Butter 
Whey Products 
Butter Oil 
Total 
474,747,841 
465,797,688 
443,364,945 
316,738,451 
225,891,889 
192,313,343 
133,195,717 
86,077,906 
65,678,730 
32,527,746 
2,436,334,256 
561,657,350 
454,877,467 
358,727,749 
339,106,408 
230,962,049 
178,837,420 
150,214,204 
68,933,110 
75,230,482 
19,613,896 
2,438,160,135 
18.3 
-2.3 
-19.1 
7.1 
2.2 
-7.0 
12.8 
-19.9 
14.5 
-39.7 
0.1 
Source: (Dairy Australia, 2017)  
 
2.2 Milk 
Milk is a colloidal system of various constituents which are listed in table 2.3. The protein 
components consist of two major fractions: whey proteins (20%) and casein (80%) (Chadan, 
1997). These colloidal particles which constitute a complex system of proteins and calcium 
phosphate are known as casein micelles (Kruif et al., 2012). These caseins are divided into four 
different fractions: αs1-, αs2-, β- and κ-casein and these fractions of caseins have different 
chemical properties (Chadan, 1997).  The major components which make up whey protein are 
β-lactoglobulins (β-lg), α-lactalbumins (α-lac), with other minor components including bovine 
serum albumin, immunoglobulin, lactoferrin and glycoproteins.  
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Table 2. 3. Major composition of bovine milk and typical amounts for each constituent. 
 
 
 
 
 
 
 
 
 
 
Source: (Chadan, 1997). 
 
2.3 Casein  
Caseins in milk have four components: αs1-, αs2-, β- and κ-casein which have a weight 
ratio of 4:1:3.5:1.5 (Dalgleish & Corredig, 2012). Therefore, the primary component of casein 
is αs1-casein, which contributes about 40% of the total caseins, and can easily phosphorylate 
(Huppertz, 2013). Compared to other components, αs2 is the most hydrophilic compared to 
other casein components, due to its many anionic elements, including phosphoseryl and 
glutamyl sediments (Farrell et al., 2004). Compared to the other casein components β-casein is 
the most hydrophobic and κ-casein’s function is to maintain and stabilising the casein micelles 
(Huppertz, 2013; Farrell et al., 2004). Caseins are not heat sensitive due to the lack of secondary 
and tertiary structures (Walstra et al., 2006). Casein micelles are caseins which are bounded 
with a calcium phosphate that form an aggregate of many proteins and resulting in an average 
aggregate particle size of 200nm (Dalgleish & Corredig, 2012; De Kruif & Holt, 2003).  
Components Amount (%) 
Water 85-87% 
Milk Solids 10-12% 
Fat 2-5% 
Proteins 3-5% 
Sugar (Lactose) 3-5% 
Minerals 0.7% 
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At low pH (<5.0) values, the casein micelle will destabilise by the dissociation of the 
colloidal calcium phosphate in the casein micelle. At pH around 5.0 aggregation begins to 
develop at this point, and this causes destabilisation as there is a decrease in repulsive forces 
(Gorji, Gorji & Mohammadifar, 2013; HadjSadok et al., 2007). As the pH is adjusted to 
alkaline (>9.0) levels, the colloidal calcium phosphates dissociated by the electrostatic 
repulsion forces which consequently affects the intramicellar stability of the casein micelle. 
This in turn creates large aggregated particles which ultimately affects the viscosity of the 
suspension due to the swelling of the casein micelles (Madadlou et al., 2009).  
 
2.4 Whey Proteins 
Whey proteins constitute 20% of milk components and can be divided into different 
fractions namely α-lac, β-lg, bovine serum albumin, and immunoglobulins.  Where α-lac 
contributes to 20% to the total amount of whey proteins in milk whereas β-lg contributes 60%. 
Whey proteins have a native pH of approximately 7.0 and isoelectric point (IEP) at 4.6-5.5 
(Zayas, 1997). They are also highly soluble, meaning that the suspension has an overall net 
charge of zero at the IEP, at which point, aggregation can affect the solubility (Zayas, 1997).  
Whey proteins contain a secondary and tertiary structure which is susceptible to heat. 
Upon exposure to higher temperatures, the irreversible process of denaturation commences, 
which is observed at 65oC (Burrington, 2012). Denaturation can be effected in two ways: by 
heat or by the effect of pH, where both cause the proteins to unfold and aggregate due to 
protein-protein interaction (Burrington, 2012). Denaturation of whey proteins can also be 
achieved by adjusting the pH. At low pH (pH 4.6-5.5) which is the approximately where the 
IEP occurs, the proteins to aggregate. This protein aggregation is an effect of protein-protein 
interaction (Xiong, 1992).  
 
2.5 Lactose  
Lactose is the main carbohydrate component in milk. Lactose is a disaccharide of glucose and 
galactose constituents which are linked by a glycosidic (β – (1, 4)) bond (Belitz et al., 2009; 
Walstra et al., 2006). The sweetness in milk is mainly attributed to the lactose according to 
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Boland (2014). Since lactose is a reducing sugar, it is susceptible to heat and undergoes 
Maillard reaction with proteins. Maillard reactions are caused mostly by heat during dairy 
processing. These reactions create a browning colour, producing composites of unwanted 
flavours and affecting the quality of the product (Mehta & Deeth, 2015). Depending on the 
manufacturing process, many dairy ingredient powders such as WPC contains some lactose 
however other powders such as WPI, MPC and Na-CN contains little to no lactose. 
 
2.6 Spray Dried Powders  
Fresh milk and its constituents have a relatively short shelf-life due to high-water content 
(85-87%) and high nutritional component which creates an environment conducive to the 
proliferation of micro-organisms (Chen, 1997). Consequently, fresh milk can only be stored 
for a short period of time (less than 2 days under 4oC) to be safe for consumption (Odriozola-
Serrano, Bendicho-Porta & Martín-Belloso, 2006). Milk is often dried into powder form to 
prevent microbial spoilage along with other convenience and handling factors.  
There has been extensive research into milk products and the effects of heat treatment, 
such as spray drying, for improving shelf-life while maintaining its functionality and nutritional 
value (Odriozola-Serrano, Bendicho-Porta & Martín-Belloso, 2006; Pearce, 2008). Spray 
drying is a process that involves using heat to remove water content from products (with <5% 
moisture remaining; Figure 2.1) to assist in preventing the propagation of micro-organisms. 
Prior research (Bronsveld, 1995) has indicated that the contact time in the heating process must 
be minimal, particularly for heat sensitive materials such as dairy ingredients (Bronsveld, 1995) 
due to consequent physical and chemical changes that may corrupt the functional and 
nutritional characteristics of the product due to denaturation. For instance, whey proteins 
denature due to the high heat temperature (65oC) which causes aggregation (Burrington, 2012).  
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Figure 2.1. The effect of processing of water removal from milk by evaporation and spray 
drying.  
This process of evaporation and spray drying is a relatively inexpensive solution to 
extending shelf-life of otherwise highly perishable products, and the final products, namely, 
milk powders, lactose, whey powders and casein powders contain low moisture and are easily 
transportable (Mujumdar, Huang & Chen, 2010). Figure 2.4 shows examples of spray dried 
whey, casein and milk protein components produced from milk. 
  
Water in milk 
87% Water 
50% 
Fat 
Solids 
Moisture in 
powder 
2-7% 
Evaporation Drying 
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Figure 2.2. Basic manufacturing steps for various milk, casein and whey powder 
ingredients (developed from Burrington, 2012; Mimouni, Deeth, Whittaker, Gidley & 
Bhandari, 2010; O’Kennedy et al., 2005; Snežana, Miroljub & Ognjen, 2005; Sikand, Tong, 
Roy, Rodriguez-Saona & Murray, 2011; Whetstine, Croissan & Drake, 2005; Yanjun et al., 
2013). 
 
2.7 Whey Protein Powders 
Whey is the liquid by-product from cheese production and contains significant amounts 
of whey proteins and lactose (Chandrapala et al., 2010). When further processed to concentrate 
the protein and (possibly) removal lactose, the whey protein constituents may be dried into 
powders (Figure 2.3). WPC powder is the final product of whey when subjected through a 
series of manufacturing processes such as ultrafiltration, before being spray dried into a powder 
form. In contrast, WPI is refined to further concentrate the protein and remove the lactose using 
either ion exchange and a special process called whey filtration (Snežana, Miroljub & Ognjen, 
2005). The difference in manufacturing process affects the composition of the two whey 
protein powders in two critical ways: firstly, WPC powders contain 30-80% protein content, 
whereas WPI powders contain more than 90% protein content (Whetstine, Croissan & Drake 
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et al., 2005). Secondly, WPI has little to no lactose compared to WPC (4-6% lactose) 
(Foegeding, Luck & Vardhanabhut, 2011).  
In food manufacturing, WPC and WPI are used as milk ingredients, due to their wide-
ranging functional properties such as: gelling, and water-binding properties, as well as their 
foaming stability of emulsions (Phillips & Williams, 2011; Whetstine et al., 2005). Whey 
protein has been incorporated in the production process of various commercial food products, 
especially in nutritional supplements, for their high protein content and the fact that it can form 
a transparent visually appealing suspension (Foegeding, et al., 2011). The functionality of these 
powders is highly dependent on their ability to solubilise when reconstituted. 
 
 
Figure 2.3. Basic manufacturing steps for whey powder ingredients (developed from 
Burrington, 2012; Chandrapala et al., 2010; Snežana et al., 2005; Whetstine et al., 2005). 
UF Ultrafiltration;  RO Reverse osmosis NF Nanofiltration 
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2.8 Milk Protein Concentrate  
MPC is a concentrated protein powder and has a similar casein to whey protein ratio as 
milk of 80% casein and 20% whey protein. MPC originates from skim milk, which undergoes 
extensive processes such as pasteurisation, ultrafiltration (to remove lactose and concentrate 
proteins), diafiltration and vacuum evaporation, before it is spray dried into a powder form 
(Mimouni, Deeth, Whittaker, Gidley & Bhandari, 2010; Sikand, Tong, Roy, Rodriguez-Saona 
& Murray, 2011). 
There are different types of MPC powders which are differentiated on the basis of their 
protein concentration. MPC contains a protein content which varies from 36%-85%, with the 
final concentration being achieved by the ultrafiltration and diafiltration step in the 
manufacturing process (Sikand et al., 2011). There are three categories of MPC powders: low 
protein powder (<40% protein concentration), medium protein powder (60%-70% protein 
concentration) and high protein powder (>80% protein concentration) (Sikand et al., 2011). 
MPC has various functional properties due to its gelling, and flavour enhancement capabilities, 
and thickening properties which can possess expansive potential in food and beverage 
production (Patel & Patel, 2014). For instance, MPC is used as an ingredient in confectionary 
applications to improve sensory characteristics (Patel & Patel 2014). Solubility of MPC 
powders varies greatly depending on the manufacturing process. The solubility of MPC varies 
depending on the protein content and the composition. MPC with a content of <40% protein 
has a solubility of 95-100% whereas MPC with a high protein content of 80% the solubility is 
30-40% (Uluko et al., 2015; Yanjun et al., 2014). 
 
2.9 Sodium Caseinate  
Na-CN is derived from milk in a process that involves acidification of the milk to pH 4.6 
so that the calcium phosphate can solubilise. After washing the minerals and whey proteins, 
the pH is then neutralised (readjusted to pH 7.0) by an alkaline solution (for the purposes of 
this thesis, the alkaline solution is sodium hydroxide) (O’Kennedy et al., 2005). The solution 
is then spray dried to produce the final Na-CN powder which contains a protein content of 
90%, and is currently used in the production of various food products (Southward, 2008). The 
casein fractions; αs1-, αs2-, β- and κ-casein are still present in the resultant Na-CN. 
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Applications of Na-CN are primarily used as fat stabilisers and serves as an emulsifier in 
many food products (Srinivasan, Singh & Munro, 1996). Caseins are customarily modified to 
produce Na-CN to increase solubility. The pH has a significant effect on the Na-CN 
functionality, and the IEP of Na-CN is at pH 4.6-5.5. At this point, the solubility is very low 
and there is evidence of aggregation (Gorji, Gorji & Mohammadifar, 2013; Jahaniaval, 
Kakuda, Abraham & Marcone, 2000). 
 
2.10 Solubility of Milk Protein Powders  
Pursuant to customary commercial practice, milk ingredients are sprayed dried into 
powder form for the purpose of inhibiting the growth of micro-organisms to thereby, prolong 
shelf-life whilst maintaining nutritional integrity and functionality (Bronsveld, 1995). These 
protein powders need to be subject to a process consisting of reconstitution and rehydration 
before they can be further processed, which, therefore necessitates high solubility of the milk 
powder ingredients.  
Protein solubility is calculated by the protein present in the supernatant (soluble phase) 
or in the precipitant, after the solution has been centrifuged for a given time frame and force 
applied to the suspension, divided by the total proteins present (Pelegrine & Gasparetto, 2005), 
which is conventionally expressed as a percentage. According to Pelegrine & Gasparetto 
(2005) and Zayas (1997), solubility influences functionality of the ingredients, including their 
foaming, emulsion and gelation properties. Prior research indicate that low protein solubility 
will have an undesirable effect on the aforementioned functionality, and is often the reason for 
reduced quality of the resultant product (Zayas, 1997).  
The solubility of proteins can be influenced by various factors, such as pH conditions 
(Zayas, 1997) and the electrostatic charge of the solution. Solubility will be higher at more 
alkaline and at a low acid pH conditions, as there are more protein-protein attractive forces 
causing the proteins to bind (Pelegrine & Gasparetto, 2005; Zayas, 1997). At the IEP (pH 4.6-
5.3), the net charge of the protein is zero and consequently, there is no attractive force which 
causes aggregation. There is also no water interaction with the protein, resulting in lower 
protein solubility (Pelegrine & Gomes, 2008).  
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According to literature on the solubility of whey protein powders, the solubility of WPI 
is higher than WPC. This due to compositional difference, with WPI containing little to no 
traces of lactose and also the difference in manufacturing the two types of protein (Whetstine 
et al., 2005; Snežana, Miroljub & Ognjen, 2005). The solubility of WPC and WPI is also 
influenced by the pH and ionic charge of the reconstitution. As conditions are adjusted to render 
the pH more alkaline, both WPC and WPI become more soluble; whereas at the IEP (pH 4.6-
5.3), solubility decreases (Pelegrine & Gasparetto, 2005). At the IEP, there is little to no 
electrostatic force which causes the particles to aggregate resulting in decreased solubility 
(Pelegrine & Gasparetto, 2005). 
Milk protein concentrate that contain high protein content (>80% protein) tends to have 
reduced reconstitution ability, i.e low solubility (Sikand et al., 2011).  Other methods of 
improving MPC solubility in cold water are outlined by Yanjun et al., (2013). Some of these 
methods included applying nanofiltration (ion exchange) to the suspension before spray drying, 
applying high shear processing to the suspension before spray drying, adjusting the pH to low 
pH and then ultrafiltration / diafiltration of a calcium compound.  However, these methods 
require more time compared to other novel methods, such as ultrasound, to complete.  
A reason for the low solubility of MPC with high protein is the formation of cross-linked 
protein systems in the hydrophobic region. This functions as transportation for water which 
prevents the protein particles from hydrating (Chandrapala et al., 2014). Since MPC has a 
similar casein and whey protein ratio as skim milk powder, it has also been suggested that the 
caseins, primarily the α- and β-caseins, influence solubility (Patel & Patel 2014). MPC 
solubility is also influenced by many factors such as pH. The pH of MPC is approximately 4.6, 
which is where solubility is at its lowest. As the pH becomes more alkaline, solubility increases. 
(Zayas, 1997).  
Na-CN is commonly used as an emulsifier in food processing due to its high solubility 
and wettability properties (Srinivasan, Singh & Munro, 1996). The solubility of Na-CN is 
affected by pH, where, according to Jahaniaval et al., (2000), the solubility of Na-CN is lowest 
between pH 3.5-4, as this is close to the IEP. At the native pH of (6.5), the solubility of Na-CN 
is relatively high and as the pH is increased, solubility also increases (Jahaniaval et al., 2000).  
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Various methods have been trialled for improving the solubility of reconstituted milk 
protein, including the use of high pressuring processing (Udabage et al., 2012). Another 
technological innovation for achieving this purpose is low frequency ultrasound.  
 
2.11 Ultrasound  
Ultrasound is classified according to the frequency of sound waves emitted: low frequency and 
high frequency ultrasound. High frequency ultrasound generates sound waves over 1MHz 
typically used in diagnostic imaging and other diagnostic applications. However, this thesis 
will examine the applicability of low frequency ultrasound. Low frequency ultrasound 
otherwise known as the power ultrasound frequency region is above the human hearing range, 
20 – 100 kHz (Figure 2.4). 
 
 
 
 
 
 
    Sound frequency heard by human ear 
Figure 2.4. Ultrasound classification based on frequency range (developed from Mason, 
2014). 
 
Low frequency ultrasound is a form of non-thermal processing technology that generates 
non-audible sound waves at frequencies over 20 kHz (Kane et al., 2014; Man & Karmakar, 
2010). When low frequency ultrasound is applied it leads to acoustic cavitation, which 
generates mechanical, physical, and chemical effects that break intramolecular bonds (Zisu et 
al., 2012). These localised reactions generate small amounts of free hydroxyl (OH-) radicals 
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that have the potential to enhance the functionality of the medium; a food ingredient, in this 
case (Ashokkumar et al., 2007). Acoustic cavitation is demonstrated in Figure 2.5, where the 
sound wave generates energy that passes through a solution, depending on the pressure cycle 
of either high pressure (compression) or low pressure (rarefaction) cycle, the bubble expands 
until it collapses (implode) in a process known as resonance (Leong, Ashokkumar & Kentish, 
2011). This implosion releases a substantial amount of energy in the form of heat energy and 
shear force (Leong, Ashokkumar & Kentish, 2011).  The amount of energy that has been 
applied through the medium is measured according to its ED (J/mL) (Bhandari & Zisu, 2016).  
Although low frequency ultrasound technology has already been implemented in various 
fields of processing (Feng, Yang & Hielscher, 2008), in the field of food processing it has 
resulted in limited adoption, especially by the dairy industry, but has compelled research to 
develop additional potential applications. 
The various applications of ultrasound in food have been reviewed by Chemat et al 
(2011). According to Chemat et al., (2011), ultrasound increases the production process, 
thereby, reducing operation time whilst optimising the quality of the product. Research 
conducted on the practical application of ultrasound on WPI, WPC, MPC and Na-CN is a 
relatively new scientific endeavour (Yanjun et al., 2013; Zisu et al., 2011). Low frequency 
ultrasound has mostly been studied for its effect on milk proteins. According to the literature, 
low frequency ultrasound has a physical effect on milk proteins, where the integrity of the 
casein micelles is not affected by low frequency ultrasound (Shanmugam, Chandrapala & 
Ashokkumar, 2012).  
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Figure 2.5. The effect of sound waves on a bubble passing through solution to generate 
acoustic cavitation (Mason, 2014). 
 
2.12 Improving Solubility of Reconstituted Powders with Applied Ultrasound  
There has been research that studied the effects of ultrasound on milk proteins and 
reported the physical characteristics of the caseins and whey proteins, before and after 
sonication (Zisu et al., 2012, Chandrapala et al., 2010). The main findings indicate that low 
frequency ultrasound had little effect on the structural properties of the proteins despite the 
physical effects generated by acoustic cavitation. However, despite the reported literature, there 
is little information on the solubility aspect of reconstituted protein powders and in particular 
with reference to protein type, energy densities, protein concentrations and pH; these 
parameters have not been extensively evaluated (Zisu et al., 2011, Koh et al., 2013). 
Reconstitution is fundamental for milk powders when incorporated in food processing, as the 
powder needs to be fully dispersed in water or other solvents; therefore, the solubility of the 
powder needs to be optimised for the food manufacturing process to be effective.  
One established application of low frequency ultrasound is the process of reducing the 
particle size of insoluble aggregates to help improve the solubility of reconstituted milk 
powders (McCarthy et al., 2014; Jambrak et al., 2007). As stated, low frequency ultrasound 
creates acoustic cavitation that can fragment the large insoluble aggregates in the suspension. 
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This serves to improve the solubility of the reconstituted material (Chandrapala et al., 2010), 
the process of which is outlined in Figure 2.6. 
 
 
 
 
  
 
 
 
Figure 2.6. The particle size reducing effect of low frequency ultrasound on large 
insoluble aggregates (Mason, 2014). 
 
Prior research (McCarthy et al., 2014; Yanjun et al., 2013) of applied ultrasound has also 
established the technique to be useful in improving the solubility of not only reconstituted milk 
and whey protein powders but also reconstituted MPC. The main findings indicated that the 
solubility of MPC was improved after 30 seconds of low frequency (20kHz) sonication from 
35.78% to 88.30% (Yanjun et al., 2013). However, these research efforts have not investigated 
the effect of a wide range of energy densities, protein concentrations, and pH on the solubility 
of the powders. As stated earlier, the localised reaction caused by low frequency ultrasound 
had little to no effect on the structure of the casein micelles (Shanmugam, Chandrapala & 
Ashokkumar, 2012). This would be beneficial to milk ingredients where the micelles cannot 
be disrupted. This ensures that the functionality of the casein micelles can be maintained during 
processing (Chandrapala et al., 2012). 
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Chapter 3.0 Effect of Low Frequency Sonication on the Solubility and Physical 
Characteristics of Reconstituted Whey Protein Concentrate 
 
3.1 Introduction 
3.1.1 Whey proteins and whey protein powders 
Whey is derived from milk and is also a by-product of the cheese manufacturing process 
(Chandrapala et al., 2010). Once extracted, whey is further processed using ultrafiltration and 
subsequently sprayed dried to produce various whey protein powders, such as whey protein 
concentrate (WPC) and Whey Protein Isolate (WPI). Further refining steps by ion exchange 
and additional whey filtration steps are available; as is the case for the manufacture of WPI 
(Snežana, Miroljub & Ognjen, 2005). These manufacturing steps will be covered in Chapter 4.  
The manufacturing process of WPC is illustrated in Figure 3.1. Whey protein 
concentrates and isolates are among the most common types of whey protein powders available 
in commercial markets. The key differences between these two whey proteins products 
(concentrate and isolate) is the protein content; while WPC has a protein content of 30-80%, 
WPI has a protein content exceeding 90%. Another element of difference is in their lactose 
content; where the lactose content of whey protein concentrate is substantial relative to its other 
components but this is not the case for whey protein isolate (Whetstine et al., 2005).  
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Figure 3.1. Process flow diagram for the manufacture of whey protein concentrate 
(developed from Snežana, Miroljub & Ognjen, 2005). 
 
The whey protein fractions, β-lactogloublin and α-lactalbumin, are the most abundant 
proteins in whey and whey powders.  Whey proteins are used in various types of food for their 
functionality, primarily for their ability to form foams and gels, act like fillers or binders, fortify 
foods, and increase the overall nutritional content of foods (Whetstine et al., 2005). To achieve 
the above-mentioned functionality, whey powders must be soluble in water when reconstituted. 
 
3.1.2 Solubility of reconstituted whey protein concentrate powders  
Solubility is a property that measures the extent to which a solute can be dissolved in a 
solvent. For the purposes of this thesis, we analyse solubility of whey protein powder as the 
insoluble pellet and the solute as the soluble phase (Sisodiya, Patel & Nigam, 2012). Powdered 
dairy ingredients utilised by food manufacturers must be further processed to produce products 
of acceptable quality. In these processes, the solubility of such ingredients is a key factor 
 31 
 
contributing to the quality of the resultant product, with high solubility being required in 
applications where powders are reconstituted into a solution.  
Several factors affect the solubility of proteins, including pH, temperature, and particle 
size distribution (Baldwin, 2010; Pelegrine & Gasparetto, 2005; Sisodiya, Patel & Nigam, 
2012). According to prior research literature, the lowest point of solubility for proteins is 
achieved when the suspension is at its IEP and at lower (acidic) pH conditions (Machado et al., 
2006), but improves considerably at higher (alkali) pH (Machado et al., 2006; Pelegrine & 
Gasparetto, 2005).  
In addition, there exists substantial literature that investigates methods for physically 
improving the solubility of the reconstitution of milk ingredients and one such method is low 
frequency ultrasound. 
 
3.1.3 Effects of low frequency ultrasound on reconstituted whey protein 
concentrate powders 
Low frequency ultrasound produces non-audible sound waves at frequencies over 20 kHz 
(Man & Karmakar, 2010; Kane et al., 2014) leading to acoustic cavitation. Low frequency 
power ultrasound (<100 kHz) generates mechanical, physical, and chemical effects that are 
sufficient to break molecular bonds (Zisu et al., 2012). Ultrasound has many applications in 
the food processing and dairy industries and these applications, specifically in extraction and 
food preservation, have been reviewed by Chemat et al (2011). According to Chemat et al. 
(2011), ultrasound increases yield and productivity while reducing the time of operation. This 
produces various benefits including lower production cost and increased likelihood of higher 
quality products, which are characteristics that are indicative of promising prospects for 
commercial application.  
Low frequency power ultrasound (20 kHz) has been used for research in various food 
manufacturing requirements, with milk receiving substantial focus in antecedent literature 
(Chandrapala et al., 2011; Zisu et al., 2011; Zisu et al., 2012). Prior research in this field 
investigated the effects of low frequency (20 kHz) ultrasound on milk proteins, particularly on 
whey proteins (Zisu et al., 2011). Previous research has been conducted to examine the effects 
of ultrasound on reconstituted whey protein concentrates, including particle size reduction as 
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an indicator of solubility (Chandrapala et al., 2010; Jambrak et al., 2007; Zisu et al., 2012). The 
findings from this published literature indicates that ultrasound could break the large insoluble 
aggregates in reconstituted WPC solutions that resulted in smaller particle size. According to 
Onwulata et al., (2004), WPC containing 80% protein has a particle size range of 50µm to 
300µm. This depends on the WPC composition (mainly protein content) and the powder 
manufacturing process. No study to date reports the effects of ultrasound on WPC at pH 
conditions other than natural pH when reconstituted. Other studies (Jambrak et al., 2007) also 
showed that sonication improved the solubility of the WPC suspensions. Prior to ultrasound 
treatment, reconstituted WPC was 90% soluble and this improved to 96% after 15 minutes of 
sonication (Jambrak et al., 2007). Even though the ED was not reported, this is estimated to be 
high at approximately 430 J/mL based on the information provided. These findings indicate 
that low frequency ultrasound can affect the physical characteristics of the suspension (particle 
size and solubility) but the processing parameters including pH and ED must be understood. 
Although, these studies have reported the effect of ultrasound on the physical characteristics of 
the reconstituted whey proteins, they were limited by the range of the energy densities, protein 
concentrations, and pH. Deficiencies, in prior research, include the lack of extensive evaluation 
of these parameters (Zisu et al., 2011, Koh et al., 2013).  
In this chapter, the effects of sonication on reconstituted WPC powder containing 80% 
protein are evaluated, with the aim of determining the changes in particle size, solubility and 
zeta potential before and after 20 kHz ultrasound treatment of reconstituted whey protein 
concentrate at various protein concentrations (4, 7 and 10%), pH (4.0, 4.6, 6.7 and 9.0) and 
energy densities (0, 15, 30, 150, 300 and 400 J/mL).  
 
3.2 Materials and Methods 
3.2.1 Materials 
The WPC powder was obtained from Warrnambool Cheese & Butter Factory Company 
Holdings Ltd Australia. According to the company’s specification, the WPC had the following 
composition: 81.6% protein (dry basis), 9.8% lactose, 4.9% fat and 5.8% moisture.  
Analytical grade NaOH and HCl were obtained from Sigma Aldrich (Australia). Milli-Q 
water was used in all experiments. 
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3.2.2 Reconstitution of WPC  
The WPC powder was reconstituted with Milli-Q water at ambient temperature (23oC ± 
1oC) to produce 4% w/w, 7% w/w and 10% w/w protein suspensions. The required amount of 
powder was added to a sterile beaker with the appropriate amount of Milli-Q water. The powder 
was initially left to hydrate without stirring for 20 minutes, then the magnetic stirrer (MR Hei-
Tec Stirrer + Pt1000 V4A) was applied to the suspension at 900rpm. After 1 hour of stirring, 
the pH of the suspension was measured. If necessary, the pH was adjusted with NaOH (1.0N) 
or HCl (1.0N) to the required pH of 4.0, 4.6, 6.7 or 9.0. Magnetic stirring, as previously 
described, was continued for a further 1 hour before overnight storage (4oC ± 1oC). Following 
overnight storage, the WPC suspension was returned to the magnetic stirrer for 10 minutes to 
disperse any precipitated material and raise the temperature closer to ambient before evaluation 
or sonication. Each sample was prepared in triplicate. 
 
3.2.3 Particle size and zeta potential of reconstituted WPC 
A Malvern Mastersizer 3000 Laser diffraction hydro MV system (Malvern Instruments 
Ltd, Malvern, UK) was used to determine the particle size distribution. The following 
conditions were applied: a refractive index of 1.56 for whey protein, 1.33 for the dispersant 
(deionized water), and an absorbance coefficient of 0.01 (Zisu et. al., 2011), at an appropriate 
obscuration rate (i.e. the amount of laser light as it passes through the sample being tested). On 
average, three measurements were taken at ambient temperature (23oC ±1oC) for data 
collection and are expressed as average particle size D [4, 3].  
 The Zetasizer (Malvern Instruments Ltd, Malvern, UK) was also used to determine the 
particle size and zeta potential of reconstituted WPC solutions. The refractive index was 1.453 
for the protein solution and 1.33 for the dispersant (Zisu et al., 2011). A 100 fold dilution factor 
was used in Zetasizer measurements. On average, three measurements were taken at ambient 
temperature (23oC ±1oC) from 13 runs per measurement. 
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3.2.4 Sonication of reconstituted WPC 
The WPC suspensions (100mL) were sonicated by a 20 kHz 500W Qsonica (Sonoplus, 
USA) ultrasonic processor with a 12.7mm probe, at an ED of 15 J/mL, 30 J/mL, 150 J/mL, 300 
J/mL and 400 J/mL. This corresponds to a treatment time of 26 seconds, 51 seconds, 4 minutes 
and 26 seconds, 8 minutes and 54 seconds, and 11 minutes and 37 seconds, respectively. The 
WPC suspension was sonicated at 5o±1oC and sample temperature was controlled using an ice 
bath. The ED of sonication was calculated according to the characterisation table produced by 
Contamine, Wilhelm, Berlan, and Delmas (1994). This required measuring the temperature of 
water (300mL) before and after sonication for 30sec at the following amplitudes: 20%, 40%, 
60%, 80% and 100%. The temperature difference was used to calculate the power drawn (W).  
The relationship between the ED (J/mL) of sonication and the power (W) of the sonication 
applied is expressed in Equation (1) (Bhandari & Zisu, 2016). 
 
Equation (1)  
𝑬𝑬𝑬𝑬 = 𝑾𝑾×𝒕𝒕
𝑽𝑽
…………………………………………………………………………….. 1
  
where t is time in seconds and V is volume in millilitres  
 
3.2.5 Solubility of reconstituted WPC 
The solubility of reconstituted WPC solutions was measured by following the 
International Standard and International Dairy (ISO 8156) (IDF 129) (2005) method with 
modifications. The modifications are as follows. Reconstituted samples (50g) were centrifuged 
(Beckman Coulter, Allegra 64R Centrifuge) at 9500xg for 10 minutes and the pellets 
containing insoluble material were stored in a desiccator overnight at ambient temperature (23 
± 1°C) to remove the remaining free moisture. On the following day, the weight of the insoluble 
pellet was recorded. 
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3.2.6 Statistical analysis  
The statistical analysis was conducted using IBM’s statistical software (SPSS1, version 
21, IBM Corp.). To determine the significance of the difference in the results, analysis of 
variance (ANOVA) was performed at the 95% confidence level (p < 0.05). Significantly 
diverse groups were categorised using Duncan’s test. Triplicate samples were statistically 
analysed.    
 
3.3 Results and Discussion 
3.3.1 Particle size, solubility and surface charge of reconstituted WPC before 
sonication  
 Table 3.1 shows the particle size of WPC solutions reconstituted to 4%, 7% and 10% 
protein before sonication. The particle size, determined by the Mastersizer 3000, of the WPC 
suspensions ranged from 7 to 41 μm (Table 3.1) depending on the protein concentration or pH. 
Importantly, this agrees with the work of other researchers where the particle size of WPC 
solutions reconstituted to 5, 10 and 15% solids at native pH (presumably close to pH 6.7) 
ranged between 10 to 100µm (Zisu et al., 2011; Zisu et al., 2012). The greatest particle size 
was observed in a 4% WPC suspension at pH 9, and in a 10% WPC suspension at pH 6.7, 
where the particle size was 41 μm and 31 μm, respectively. Like this data, a particle size of 
31μm was also reported for reconstituted WPC80 containing 10% protein concentration at 
neutral pH (approximately pH 6.7) (Koh et al., 2013). 
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Table 3.1. Particle size of WPC suspensions before sonication. 
 Average* particle size (μm) D[4,3] in un-sonicated WPC suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
  42.12 ± 9.94a,A** 
11.48 ± 2.68b,A 
7.05 ± 0.61c,A 
12.45 ± 1.94b,A 
7% (protein w/w) 
24.66 ± 8.63a,B 
26.47 ± 1.02a,B 
6.60 ± 0.59b,A 
20.21 ± 1.67c,B 
10% (protein w/w) 
7.17 ± 1.46a,C 
31.57 ± 4.03b,C 
8.99 ± 1.69c,B 
10.88 ± 1.55d,C 
*Average of 3 readings. (n=3, Average ±SD)  
**Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
**Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
The smallest particle size occurs consistently at the isoelectric point for whey proteins, 
pH 4.6, irrespective of concentration. However, according to literature, the particle size should 
be the greatest at the IEP which is at pH 4.6 (Pelegrine & Gasparetto, 2005). This is due to 
protein-protein interactions and there is minimal electrostatic force which causes protein 
aggregation (Pelegrine & Gasparetto, 2005). However, this is not shown in Table 3.1. 
There is a trend at pH 6.7 (neutral pH of reconstituted solutions), where particle size 
decreases as concentration decreases (p < 0.05) and this is linked to solubility (Zayas 1997). 
Higher particle sizes (32 and 41 μm), according to Zayas (1997), can be attributed to the 
difference in solubility of whey proteins which in turns affects the resultant particle size; that 
is, as solubility decreases, particle size is expected to increase. However, these conclusions are 
not conclusively supported by the results in Table 3.1 and Table 3. 2. The pH of the solution is 
shown to have a greater impact on solubility than either protein concentration or particle size.  
In Table 3.2, the solubility of reconstituted WPC solutions is measured prior to 
sonication. Reconstituted WPC80 generally had high solubility (>87%) and this was dependant 
on pH. At each protein concentration, the solubility was greatest at the highest pH (9.0) and 
lowest at pH 4.0. The highest solubility (97.52%) was obtained for a 10% protein concentration 
at pH 9.0. The lowest solubility (86.89%) was measured for a 4% protein concentration at pH 
4.0.  In general, it can be shown that as the pH becomes more acidic for the three protein 
concentrations, solubility decreases (p < 0.05) between acid and alkali pH. This is also 
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supported in established research literature for WPC, where it was demonstrated that as the pH 
decreases from 7 to 4, solubility also decreases (Zayas, 1997). The solubility of proteins is 
dependent on the repelling and attractive intermolecular forces and it is more soluble when the 
electrostatic repelling force is higher than hydrophobic interactions (Zayas, 1997). Therefore, 
at the IEP (pH 4.6), the solution should have lower solubility than at a high pH, due to low 
attractive intermolecular forces; however, in Table 3.2 the solubility at pH 4.6 was measured 
to be more than 90%. According to literature (Zayas, 1997), the solubility of WPC at isoelectric 
point should be above 60%, and the data collected supports this with much higher readings. 
This could perhaps be attributable to the different manufacturing practices, the age of the WPC 
powder and its resultant composition.  
 
Table 3. 2. Solubility of WPC protein suspensions reconstituted to 4%, 7% and 10% 
(w/w) protein concentration before sonication. 
 Average* solubility (%) in un-sonicated WPC suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
 97.06 ± 0.01a,A** 
97.16 ± 0.01a,A 
92.32 ± 0.44b,A 
86.88 ± 0.17c,A 
7% (protein w/w) 
96.43 ± 0.12a,B 
95.62 ± 0.12b,B 
95.00 ± 0.25c,B 
94.85 ± 0.21c,B 
10% (protein w/w) 
97.52 ± 0.12a,C 
95.23 ± 0.23b,B 
95.32 ± 0.06b,B 
92.27 ± 0.74c,C 
*Average of 3 readings. (n=3, Average ±SD) 
**Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
**Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
Zeta potential is the measure of the net charge (surface charge) of a solution (Hunter et. 
al., 1981). In this paper, the zeta potential was measured across a range of pH and 
concentrations for reconstituted WPC. pH 4.6 is frequently cited as the IEP of whey proteins 
(Burrington, 2012; Morand et al., 2012), and the data collated in Table 3.3 is consistent with 
the literature in this regard. This means that the overall net charge of reconstituted WPC is 
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close to or at zero. The pH above the IEP results in WPC having a negative charge, and when 
the pH is below the pI, WPC has a positive charge.  
Table 3.3 shows the zeta potential of the WPC reconstituted to 4, 7 and 10% protein 
concentration and at a pH of 4 to 9.0. This range incorporates the acidic (pH 4.0), neutral pH 
of WPC (pH 6.7) and the alkaline (pH 9.0) (Pelegrine & Gasparetto, 2005). The zeta potential 
of the WPC suspensions before sonication ranged from +11 mV for 4% protein suspension at 
pH 4.0, to -32mV for 10% protein suspension at pH 9.0.  
 
Table 3.3. Zeta potential of reconstituted WPC suspensions before sonication. 
 Average* zeta potential (mV) in un-sonicated WPC suspensions of WPC 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
  -28 ± 0.81a,A** 
-21 ± 0.85b,A 
-1 ± 0.46c,A 
+11 ± 0.34d,A 
7% (protein w/w) 
-25 ± 0.66a,B 
-20 ± 0.54b,A 
-1 ± 0.46c,A 
+10 ± 0.60d,A 
10% (protein w/w) 
-32 ± 1.62a,C 
-25 ± 3.87b,B 
-18 ± 4.85c,B 
+9 ± 1.54d,B 
*Average of 3 readings. (n=3, Average ±SD) 
**Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
**Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
3.3.2. The effect of low frequency ultrasound on particle size and solubility of 
reconstituted WPC 
Upon sonication, irrespective of the applied ED, particle size decreased for all treatments 
trialled. Refer to Figure 3.2 for 10% protein concentration, Figure 3.3 for 7% protein and Figure 
3.4 for 4% protein. Ultrasound is associated with creating cavitation in liquids, meaning that 
the ‘bubble nuclei’ in the constituents of the solution initially expands before imploding to a 
reduced size. The cause of cavitation in ultrasonic applications is the presence of forces such 
as shear, turbulence, microstreaming, and, if not controlled, heat. Therefore, the results reported 
below are consistent with established principles from prior research endeavours, particularly 
with Ashokkumar et al., (2009) who explained that the shear forces associated with cavitation 
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brought on by sonication can disrupt “hydrophobic interactions or the intermolecular bonds” 
of whey proteins, which, in turn, reduces the size of the particles. Price and Smith (1993) went 
further to state that “physical forces generated during acoustic cavitation are strong enough to 
break polymer chains”.  
In all solutions at all the variables, the greatest reduction in particle size occurred after 
sonication at 15 J/mL (corresponding to a treatment time of 26 seconds) as the insoluble powder 
particles disintegrate in response to acoustic shear forces. Furthermore, as the ED was increased 
to 30J/mL there was further reduction in particles size but from 150 J/mL to 400 J/mL, the 
whey protein particle size remained relatively constant after decreasing to approximately 0.2-
0.5μm irrespective of the concentration (4 to 10%) or pH (4.0 to 9.0), as shown in Figures 3.2, 
3.3 and 3.4. This demonstrates that even as the ED applied or time of sonication increases, the 
particle size of insoluble aggregates can only be reduced to a certain size. The particle size 
begins to decrease at 15 J/mL (minimum ED applied) and reaches a constant size of 
approximately 0.2-0.5 μm at 150 J/mL, with little change in size after application of 300 and 
400 J/mL.  
The results in this chapter at native pH are supported by two similar studies showing that 
the particle size of WPC solutions reconstituted to 5-15% solids was reduced from 10 to 100µm 
to < 1µm after 20 kHz sonication at a comparable 153 J/mL (Zisu et al., 2011; Zisu et al., 2012)  
Jambrak et al., (2007) also sonicated WPC suspension at native pH (7.0) using low 
frequency 20 kHz ultrasound at ambient temperature (23oC). Even through the ED of 
sonication was not recorded, the approximate values of 430 and 860 J/mL were calculated 
based on the information given in the experimental procedure using the equation ED=(W×T)/V 
as reported by Bhandari & Zisu (2016). The particle size distribution was reduced at 430 J/mL 
sonication followed by a slight reduction at 860 J/mL, however, based on data from the current 
study these energy densities are extremely high. For example, at 10% protein concentration 
and pH 6.7 (Figure 3.2), the particle size of reconstituted WPC was reduced from 31.57 µm to 
approximately 15 µm at only 15 J/mL and a further reduction to <1 µm at 150 J/mL. This 
indicates that 150 J/mL was sufficient to break insoluble aggregates without needing longer 
sonication times. It is important to note that temperature may influence the solubility of 
sonicated solutions. The initial temperature in the Jambrak et al., (2013) published work was 
ambient and after 15 minutes of sonication increased to 44oC. In this experimental chapter, the 
temperature of reconstituted WPC was maintained at approximately 5oC during sonication. 
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Maintaining low temperature while sonicating (below 10oC) was also practiced in the studies 
by Chandrapala et al., (2010) and Zisu et al., (2010) to prevent temperature bias.  
As shown in Figure 3.2, 3.3 and 3.4, the solubility has a similar propensity to a constant 
particle size for all pH and protein concentrations trialled following sonication. As the particle 
size decreases in response to sonication, the solubility increases. This indicates that the 
sonication has disrupted the insoluble aggregates, leading to the protein globules having greater 
water interactions (Jambrak et al., 2007). From Figure 3.3 and Figure 3.4, the solubility 
increased at 15 J/mL before reaching a constant level at 150 J/mL. 
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Figure 3.2. Particle size and solubility of reconstituted WPC at 10% protein 
concentration. A: 10% WPC at pH 4.0, B: 10% WPC at pH 4.6, C: 10% WPC at pH 6.7. D: 
10% WPC at pH 9.0 (n=3, Average ±SD). 
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Figure 3.3. Particle size and solubility of reconstituted WPC at 7% protein concentration. 
A: 7% WPC at pH 4.0, B: 7% WPC at pH 4.6, C: 7% WPC at pH 6.7, D: 7% WPC at pH 9.0 
(n=3, Average ±SD). 
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Figure 3.4. Particle size and solubility of reconstituted WPC at 4% protein 
concentration. A: 4% WPC at pH 4.0, B: 4% WPC at pH 4.6, C: 4% WPC at pH 6.7, 4% 
WPC at pH 9.0 (n=3, Average ±SD). 
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The Mastersizer can accurately measure particles between a micrometre and a millimetre 
(Malvern, 2016). However to accurately measure the nano-size particles of WPC suspensions 
the Zetasizer was used. The Zetasizer data (Figure 3. 5 [4%, 7% and 10% protein]) confirms 
that there is little change in sub-micron size above an ED of 150 J/mL. Due to the absence of 
large powder agglomerates as the particle size is generally below 0.3µm, there is minor change 
after sonication. The one exception to this was the WPC suspension at pH 4.6, which is the 
isoelectric point for whey proteins and the particle size is significantly greater (Burrington, 
2012).  
At pH 4.6, the average particle size ranged from 1µm to 16 µm. The whey proteins at 
this pH have a net charge close to zero meaning the solubility is very low. This resulted in large 
protein aggregates forming in the solution (Zayas, 1997). Unlike the large insoluble powder 
aggregates that were easily disrupted with acoustic cavitation at energy densities as low as 15 
J/mL, the effectiveness of acoustic cavitation is limited in the soluble phase and unable to 
reduce the size of protein aggregates at energy densities of up to 400 J/mL.  
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Figure 3.5. Submicron particle size of sonicated 4% protein (w/w) (A), 7% protein (B) and 
10% protein (C) reconstituted WPC over a range of pH and energy densities (n=3, Average 
±SD).  
A 
B 
C 
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Figure 3.6 (A-C) documents the zeta potential of reconstituted WPC suspensions after 
ultrasonic treatment at a range of applied energy densities, concentrations and pH. As the plots 
demonstrate, there is little to no effect on the surface charge of the reconstituted protein 
solutions after sonication, irrespective of the treatment condition. Although, sonication causes 
structural disruption associated with acoustic cavitation that leads to disruption in physical size 
of agglomerates (as explained above), the net charge is not affected by these physical changes. 
This is documented in literature; with Chandrapala.et al., (2011) explaining that low frequency 
ultrasound generates acoustic cavitation which causes dissolution of the large insoluble 
aggregates and disrupts the weaker bonds such as hydrogen bonds and Van der Waals bonds 
without causing chemical changes to the protein structure. At pH 4.6, the expected IEP, remains 
above zero after sonication.  
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Figure 3.6. Zeta potential of sonicated 4% protein (w/w) (A), 7% (B) and 10% (C) 
reconstituted WPC at a range of pH and energy densities (n=3, Average ±SD).  
A 
B 
C 
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3.4 Conclusions 
These controlled experiments indicate that ultrasound at an applied ED of 15J/mL 
significantly reduces the size of insoluble particles from 41 to 7 μm (depending on protein 
concentration and pH) following the reconstitution of WPC powders. A smaller particle size 
reduction occurred at 30 J/mL which improved the solubility of the reconstituted WPC (initially 
87-97%) at 4%, 7% and 10% protein concentration and at pH 4.0, 4.6, 6.7 and 9.0. Above an 
ED of 150 J/mL and up to 400 J/mL there is only a small reduction in particle size reaching 
approximately 0.2-0.5 μm and this has little to no effect on solubility. Sub-micron particle size 
in the soluble phase is only affected by pH, resulting in protein aggregation at the isoelectric 
point. Acoustic cavitation has little to no effect on the sub-micron particle size in the soluble 
phase as the bulk effect of low frequency ultrasound targets large insoluble powder aggregates. 
Due to the physical nature of acoustic cavitation, there is little to no effect on the net charge of 
these whey protein suspensions. 
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Chapter 4.0 Effect of Low-Frequency Ultrasound on the Particle Size, Solubility and 
Surface Charge of Reconstituted Whey Protein Isolate 
 
4.1 Introduction  
4.1.1 Whey protein isolate  
There are two common types of whey protein powders: whey protein concentrate (WPC) 
and whey protein isolates (WPI). Both the major whey proteins α-lactalbumin and β-
lactoglobulin are present in WPC and WPI (Burrington, 2012); however, WPI has a 
significantly higher protein content (>90%) than WPC (35-80%). Moreover, it has substantially 
lower lactose content than WPC (Foegeding et al., 2011). From chapter 3, it was stated that the 
manufacturing of WPI is different to WPC, such that, although, whey proteins derived from 
milk are often by-products from the cheese manufacturing process, WPI requires further 
processing of the whey than does WPC (Chandrapala et al., 2010). In comparison with WPC, 
WPI is a more refined protein product and the general method of manufacturing of WPI 
requires additional ion exchange or whey filtration steps (Snežana, Miroljub & Ognjen, 2005). 
Compared to WPC at the ultrafiltration stage, the lactose and minerals are permeated before it 
undergoes ion exchange. The outcome of this process creates a unique WPI as compared to 
WPC as WPI has a higher protein content and is devoid of lactose (Whetstine et al., 2005). 
Figure 4.1 outlines the process of manufacturing WPI compared directly with WPC production.   
WPI has been utilised in various commercial food products, especially in nutritional 
supplements due to its high protein content and its physical characteristic of being a transparent 
solution (Foegeding, Luck & Vardhanabhut, 2011). For this reason, it is paramount that the 
particle size of reconstituted WPI is small to maintain solution clarity and must solubilise 
rapidly. The primary aim of this research, reported in this chapter, is to examine whether low 
frequency (20 kHz) ultrasound can be used to reduce the particle size of insoluble whey protein 
particles in reconstituted WPI solutions in the micro and the nano size range to improve 
solubility. The second aim of this chapter is to determine if the size reduction created by 
ultrasounds will alter the charge of the whey proteins in WPI, as measured by its zeta potential.  
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Figure 4.1. Process flow diagram for the manufacture of whey protein isolate from whey 
compared with whey protein concentrate (developed from Snežana, Miroljub & Ognjen, 
2005). 
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4.1.2 Solubility of reconstituted WPI 
Solubility is a system where a solute is dispersed into a solvent; in this case, powder is 
reconstituted in water (Sisodiya, Patel & Nigam, 2012). There are various factors which affect 
the solubility of proteins in a solution, such as pH, temperature, and particle size distribution 
(Pelegrine & Gasparetto, 2005; Baldwin, 2010; Sisodiya, Patel & Nigam, 2012). According to 
the literature, the lowest point of protein powder solubility is achieved when the suspension is 
at the IEP (Machado et al., 2006), and the proteins how comparatively more solubility at higher 
(alkali) and lower solubility in acidic pH (Pelegrine & Gasparetto, 2005). According to Zayas 
(1997b) and Mulcahy, Mulvihill & O’Mahony (2015), WPC has a solubility of 82-86% soluble 
at native pH of 7, whereas WPI has a solubility of 98-100%. At pH 4.6 (isoelectric point), WPC 
has a solubility of 49-79% whereas WPI had a solubility of 35% at pH 4.5 (also WPI’s IEP). 
This suggests that different compositions between WPC and WPI will influence the solubility 
of the resultant powder (Zayas, 1997a).  
Gelling of whey proteins can occur at high protein concentration and extreme pH (acid and 
alkali). Gelation of whey proteins is basically considered a four-phase process consisting of 
unfolding of the native structure (I), aggregation of the unfolded protein molecules (II), string 
formation of the aggregates (III), and linkage of the strings to a three-dimensional network 
(IV). This process is explained by Lorenzen & Schrader (2006) as involving the unfolding of 
the disulphide bonds in the first stage which leads to the second stage where protein aggregation 
occurs. The third stage is when the protein aggregates form a linear arrangement and the final 
stage is when the line of aggregates forms a network (Lorenzen & Schrader, 2006).  
As the pH of the WPI suspension is increased from 6 to 7.5, the WPI will begin to 
aggregate. This is due to electrostatic forces and increasing the pH towards the alkaline regions 
opens the disulphide bonds. This will cause the protein to aggregate and create a gel network 
(Foegeding et al., 2002). Aggregation will also occur in acid conditions at pH ≤ IEP, pH 4.6. 
 
4.1.3 Application of low frequency ultrasound to reconstituted WPI 
Low frequency ultrasound has been a subject of interest to researchers in the food 
industry over the last decade (Chemat, Zill-e-Huma & Khan, 2011). Ultrasound generates 
inaudible sound waves at frequencies greater than 20 kHz (Man & Karmakar, 2010; Kane, 
Grassi, Sturrock & Balint, 2014) which cause acoustic cavitation. This results in mechanical, 
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physical and chemical effects that are strong enough to disrupt molecular bonds (Zisu, Schleyer 
& Chandrapala, 2012). According to Chemat et al., (2011), ultrasound increases both yield and 
productivity of applicable food production processes, thereby reducing the operation time 
while being able to avoid compromising the quality of the product. Research conducted on the 
practical application of ultrasound on WPI seems to be a relatively new scientific endeavour 
(Zisu et al., 2011 and Frydenberg, Hammershøj, Andersen, Greve & Wiking 2015). There are 
few published studies in the literatures which evaluate the effect of low frequency ultrasound 
on reconstituted WPI (Shen, Shao & Guo, 2016; Jambrak et al., 2007; Jambrak et al., 2013; 
Zisu et al., 2011). These published studies have shown that ultrasound was able to break large 
insoluble aggregates and improve the solubility of reconstituted solutions. These studies used 
a sonication probe operating at 20 kHz frequency and the solution pH was unadjusted (assumed 
to be approximately pH 6.7) (Shen, Shao & Guo, 2016; Jambrak et al., 2007; Jambrak, et al., 
2013; Zisu, et al., 2011). In solutions containing 10% solids, the results showed that the initial 
solubility of WPI was around 65-70%, however, when it was sonicated for 10-20 minutes the 
solubility increased to 80%-85% (Jambrak et al., 2007; Shen, Shao & Guo, 2016). Even though 
the ED was not reported, this was calculated and estimated at 432-1240 J/mL. This showed 
that sonication could improve the solubility by 15-20% and this increase in solubility will be 
beneficial in providing functionality when WPI is used in food applications. The particle size 
of WPI was indicated to be around 190 nm and when ultrasound was applied to the WPI 
suspension for 432-1240 J/mL there was a decrease in size to 145 nm. In a separate study, the 
particle size of WPI prior to sonication was approximately 200 nm and after sonication for 
60minutes at 31W, the size reduced to 125 nm (Zisu et al., 2011). It is important to note that 
the solubility and particle size may vary in each study prior to sonication as the composition 
and manufacturing processes may differ. 
Previous published research concerning WPI processing with ultrasound, consequently, 
has not effectively covered a range of energy densities, and in fact, the 432-1240 J/mL 
(equivalent to 10-20 minute treatment times) reported in previous studies are practically 
excessive when considering commercial manufacturing requirements. Furthermore, previous 
studies have not considered protein concentration nor pH and these are significant in relation 
to understanding the solubility mechanism of reconstituted WPI solutions.  
In this chapter, the effects of sonication are evaluated on reconstituted WPI, with the aim 
of determining the changes in particle size, solubility, and zeta potential before and after 20 
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kHz ultrasound treatment at various protein concentrations (4%, 7% and 10% w/w), pH (4.0, 
4.6, 6.7, and 9.0), and ED (0, 15, 30, 150, 300 and 400 J/mL). 
 
4.2 Materials and Methods 
4.2.1 Materials 
The WPI powder was obtained from Fonterra (New Zealand). According to the 
company’s specifications, the WPI had the following compositions: 94.12% protein (dry basis), 
0% lactose, 0.18% fat and 4.64% moisture. 
Analytical grade NaOH and HCl were obtained from Sigma Aldrich (Australia). Filtered 
and deionised water was used in all experiments. 
 
4.2.2 Preparation of reconstituted WPI suspension 
The method for preparing the WPI solutions follows the powder rehydration method in 
Chapter 3 (section 3.2.2) where the WPI powder was reconstituted with Milli-Q water at 
ambient temperature (23oC ± 1oC) to produce 4% w/w, 7% w/w and 10% w/w protein 
suspensions. 
 
4.2.3 Particle size and zeta potential of reconstituted WPI 
The particle size method follows the method outlined in Chapter 3.3 (section 3.2.3).  
 
4.2.4  Sonication of reconstituted WPI 
The sonication method follows the method outlined in Chapter 3.2 (section 3.2.4).  
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4.2.5 Solubility of reconstituted WPI 
The solubility of reconstituted WPI solutions was measured by following the 
International Standard and International Dairy (ISO 8156) (IDF 129) (2005) method with 
necessary modifications as outlined in in Chapter 3.2 (section 3.2.5).  
 
 
4.2.6 Statistical analysis 
The statistical analysis was conducted using IBM’s statistical software (SPSS1, version 
21, IBM Corp.) as outlined in Chapter 3.2 (section 3.2.6).  
 
4.3 Results and Discussion 
4.3.1 Particle size, solubility and zeta potential of reconstituted WPI before 
sonication 
The particle size of reconstituted WPI prior to sonication varied widely (p < 0.05) 
depending on both the concentration and the pH of the protein solution (Table 4.1). The fact 
that the particle size in a 10% WPI suspension varied approximately three-fold when the pH 
was changed from 6.7 to 4.6 illustrates the magnitude of this variation. The particle size was, 
however, significantly smaller than recorded in reconstituted WPC (chapter 3). In reconstituted 
WPC solutions, the particle size ranged from 6 to 40 µm, and this is significantly larger than 
the particle size measured in nanometres in reconstituted WPI at equivalent pH and 
concentration. Due to the small particle size in reconstituted suspensions, the clarity of 
reconstituted WPI was significantly greater than the opaqueness observed in reconstituted 
WPC suspensions. This was expected as it was also documented by Foegeding, Luck & 
Vardhanabhut (2011). The size range for reconstituted WPI was 0.242 to 0.588 µm with the 
smallest particles measured at pH 9.0. The exceptions are results at pH 4.6 and 10% protein 
solutions at pH 4.0 and 9.0. At these conditions, the whey proteins begin to aggregate and 
consequently, particle size increases. 
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The results observed at pH 4.6 can be explained, however, by the fact that at pH 4.6, the 
WPI suspension is at or near the isoelectric point (pI) where there is no net charge. In such 
conditions, the lack of a net charge could result in an increase in aggregate size (Zayas, 1997a), 
or alternatively phrased, result in an increase in particulate size, as documented in Table 4.1. 
At pH 4.6, the particle size of aggregates increased from 0.2-0.3 µm to >3 µm. 
Significantly, gelation of the whey proteins occurred when the suspension had a 10% protein 
concentration and pH of 9.0. This is shown in Figure 4.2. Measurement of particle size, 
therefore, was not possible. An explanation for this occurrence was offered earlier; as the pH 
of the WPI suspension becomes alkali, the WPI aggregates, due to electrostatic forces and 
increasing the pH towards the alkaline regions, opens the disulphide bonds (Foegeding et al., 
2002).  
 
 
 
 
 
 
 
Figure 4.2. Gelling of reconstituted WPI at 10% protein concentration at pH 9.0. 
 
The initial stage of whey protein aggregation without gelling was also observed in acidic 
conditions at pH 4.0 and 10% protein where the particle size increased to 1.194 µm. Particle 
size increased as the whey proteins unfolded from the native structure, followed by aggregation 
of the unfolded protein molecules and string formation of the aggregates before linking to a 
three-dimensional network (Lorenzen & Schrader, 2006).   
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Table 4.1. Particle size distribution in reconstituted WPI suspension before sonication. 
 Average* particle size (µm) in un-sonicated WPI suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
0.276 ± 39.66a*** 
0.357 ± 92.68b,A 
3.989 ± 432.74c,A 
0.588 ± 89.69d,A 
7% (protein w/w) 
0.257 ± 20.90a 
0.242 ± 26.99a,B 
6.548 ± 1295.77c,B 
0.316 ± 25.03d,B 
10% (protein w/w) 
ND** 
0.244 ± 34.33a,C 
3.386 ± 282.73b,C 
1.194 ± 219c,C 
*(n=3, Average ±SD).  
**(ND) Not determined because the sample gelled. 
***Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
***Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
It is significant to note that the initial particle size of WPC varied between 9-31μm (refer 
to Table 3.1 in Chapter 3,) for a 10% protein suspension; in contrast, the WPI suspension 
contained particles of significantly smaller sizes ranging from 0.244 to 3.386µm for the same 
concentration. Furthermore, the effect of pH, reported in Table 4.1, on particle size for WPI 
suspensions, is not apparent for WPC suspensions of the same concentrations (Table 3.1), as 
WPC had larger particle size. This suggests that the presence of lactose and fewer refining steps 
in the manufacture of WPC leads to a lower and less pure protein content and this in turn 
influences particle size. 
Table 4.2 documents the solubility of reconstituted WPI suspensions prior to sonication. 
The results suggest that WPI has more than 95% solubility. According to Zayas (1997 b)), WPI 
powders generally have a solubility of 95% at pH 3.5 and 8; however, the same study also 
reports that WPI is only 35% soluble at pH 4.5, which is the isoelectric point of whey proteins. 
The data obtained also agrees with the literature and indicates that WPI has a solubility of 95% 
or greater at 4, 7 and 10% protein reconstitution and pH 4.0, 6.7 and 9.0. However, at pH 4.6, 
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the WPI suspension also has a 95% solubility. This suggests that different manufacturing 
procedures and compositional characteristics can influence the solubility of WPI. 
The highest solubility above 99% was observed for a 7% protein concentration 
suspension at pH 6.7, where the lowest solubility was recorded for a 10% protein concentration 
at pH 4.6. According to literature, the solubility at pH 4.6 should be lower, as the sample was 
at an isoelectric point (Machado et al., 2006). At the IEP, there is no electrostatic charge, little 
water content, nor any protein molecule interactions (Pelegrine & Gasparetto, 2005). Although 
particle size increases were observed at certain conditions, these did not significantly affect the 
solubility of WPI. In general, the solubility of WPI was notably higher than that of WPC. As 
shown in Table 4.2, the lowest solubility of WPI was 95% for a 10% protein concentration at 
pH 4.6, compared to WPC where the lowest solubility (86%) was obtained for a 4% protein 
concentration which was at pH 4.0. The different manufacturing process and compositional 
variation between the two types of whey protein powders account for differences.  
At 10% protein concentration and pH 9.0, solubility could not be determined as the 
suspension gelled (Foegeding et al., 2002).  
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Table 4. 2. Solubility of reconstituted WPI before sonication. 
 Average* solubility (%) in un-sonicated WPI suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
99.71 ± 0.09a*** 
96.67 ± 0.17b,A 
97.45 ± 0.63c,A 
95.17 ± 0.24d,A 
7% (protein w/w) 
98.80 ± 0.33a  
99.89 ± 0.02b,B 
98.34 ± 0.22b,A 
99.83 ± 0.12a,B 
10% (protein w/w) 
ND** 
99.16 ± 0.03a,B 
94.70 ± 0.75b,C 
98.77 ± 0.75c,C 
*(n=3, Average ±SD). 
**(ND) Not determined because the sample gelled. 
***Mean values with different letter superscripts (a-c) at the same column are 
significantly different (p < 0.05). 
***Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
Zeta potential denotes the net charge of a solution (Hunter et. al., 1981). The zeta 
potential of reconstituted WPI prior to sonication was measured to be +12.97mV at 10% protein 
and -34.70mV at 4% protein at pH 9.0. According to Burrington (2012) and Zayas (1997a), the 
net charge for proteins at the pH levels from 4.6-5.0 should be close to zero. Consistent with 
prior research, the net charge is close to zero for the 10% WPI suspension. At 4% and 7% WPI 
concentration, however, the charge was measured to be +8.75mV and +10.89mV, respectively. 
This result suggests that the IEP for WPI used in this study is slightly below pH 4.6. As 
anticipated, however, samples with pH above the IEP were found to have a negative charge, 
and samples with pH below the IEP possessed a positive charge (Table 4.3).  
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Table 4. 3. Zeta potential measurements of reconstituted WPI before sonication. 
 Average* Zeta Potential (mV) of WPI reconstitution before sonication 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
-34.70 ± 1.52a*** 
-30.16 ± 2.18b,A 
+8.75 ± 0.69c,A 
+21.07 ± 0.79d,A 
7% (protein w/w) 
-38.79 ± 2.20a 
-28.21± 1.04b,B 
+10.89 ± 1.33c,B 
+19.36 ± 0.61d,B 
10% (protein w/w) 
ND** 
-27.58 ± 1.76a,B 
+0.02 ± 1.04b,C 
+12.97 ± 1.94c,C 
*(n=3. Average ±SD).  
**(ND) Not determined due to gelling. 
***Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
***Mean values with different capital letter superscripts (A-D) at the same row are 
significantly different (p < 0.05). 
 
In Chapter 3, the zeta potential of the WPC samples followed a similar trend to that of 
the WPI samples. The surface charge of the WPI, as exhibited in Table 3, is close to zero at pH 
4.6, as it is close to the isoelectric point; this result is consistent with prior literature (Morand 
et al., 2012; Burrington, 2012). When the pH is above the isoelectric point (pH 6.7 and pH 9.0), 
the charge becomes negative and when pH is below the isoelectric point (pH 4.0), the charge 
becomes more positive as demonstrated in prior literature (Pelegrine & Gasparetto, 2005; 
Burrington, 2012).  
There was a difference in the surface charge between the WPC suspensions (Chapter 3, 
Table 3.3) and that of the WPI suspensions (Table 4.3). For example, WPC suspensions at pH 
6.7 had a surface charge of -21 to -25 mV, while for WPI, the zeta potential ranged from -22 
to -30 mV at the same pH. At pH 4.6, WPC had a zeta potential closer to the IEP. The surface 
charge for the 10% protein concentration at pH 9.0 could not be obtained as gelation occurred.  
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4.3.2 The effect of low frequency ultrasound on particle size and solubility of 
reconstituted WPI  
Once sonication was applied to the medium at a range of energy densities (15-400J/mL), 
particles size decreased for all solutions, as indicated in Figure 4.5. This is due to the physical 
shear forces resulting from acoustic cavitation that are strong enough to break molecular bonds 
(Zisu et al., 2012). As the Mastersizer is limited to a size measurement range from a micrometre 
to a millimetre (Malvern, 2016), the particles were measured on the Zetasizer, as this 
instrument allows measurements of submicron sized particles. This differs to WPC, where 
larger insoluble powder aggregates were detected with the Mastersizer. 
The results presented in Figure 4.3 indicate that there were only minor changes in size 
before and after sonication at neutral pH 6.7. At pH 6.7 in the absence of large aggregates, the 
particle size reduced from 0.242 µm to 0.17 µm at an applied ED of 150 J/mL. Beyond 150 
J/mL and up to 400 J/mL, the particle size did not reduce further. This size reduction is similar 
to other studies where the particle size of WPI reconstituted at natural pH was reduced from 
0.19 µm to 0.145 µm at an energy demand of 432-1240 J/mL. In a separate study, the particle 
size prior to sonication was approximately 0.2 µm and reduced to 0.125 µm after sonication 
for 60minutes at 31W (Zisu et al., 2012). The current study clearly demonstrates that the size 
reducing effect of acoustic cavitation occurs at significantly lower energy densities than 
reported in the literature.   
The observed changes in particle size at pH 4.6 and 4.0 for a 10% WPI (w/w protein) 
were more significant. At these acidic pH values, some aggregation of the whey proteins 
occurred as indicated by the larger particle sizes. Complete gelling occurred at pH 9.0 and 
consequently, particles size could not be measured. At the IEP, pH 4.6, the fluctuations in size 
are relatively larger than at the other pH levels; possibly due to insolubility at pH 4.6 which is 
close to the isoelectric point for whey proteins (Zayas, 1997). This indicates that sonication is 
less effective at reducing particle size at the IEP and requires greater ED to achieve an 
equivalent size compared to other pH values. There was a notable reduction in particle size at 
15 J/mL and 30 J/mL across all variables. At 150 J/mL, the size gravitated to a constant level 
of less than 2 μm as presented in Figure 4.2. Similar trends were observed for 7% and 4% 
(w/w) reconstituted WPI, however, due to the lower protein content; the size of the aggregates 
was generally smaller especially for the 4% protein.  
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Figures 4.3, 4.4 and 4.5 shows that unlike WPC (chapter 3), there was only slight 
improvement in solubility following sonication due to the high initial solubility of WPI which 
often exceeded 98%. Where solubility was initially lower, for example 94% at pH 4.6 in 10% 
protein solutions, the particle size decreases following sonication at 15 J/mL and solubility 
increased to 97%. In general, when the solubility of reconstituted WPI did improve slightly, it 
occurred at 15 J/mL with solubility showing minor change and remaining constant between 30 
and 400 J/mL. This is likely a result of small aggregates breaking down by sonication at an 
applied ED of 15 J/mL.  
Compared to WPC (chapter 3), WPI has a higher solubility prior to sonication. According 
to literature, WPI has a solubility of 73.8-93.5% at pH 7 (Zayas, 1997a). Table 4.2 indicates 
that the solubility of WPI used in this study exceeded the reported range which is often affected 
by the composition and manufacturing practices. Compared to WPI, the solubility of 
reconstituted WPC markedly increased as WPC has significantly larger aggregates that were 
easily disrupted by sonication, which improved solubility. This suggests that low frequency 
sonication contributed slightly to improving the solubility of WPI but not to the same extent as 
for WPC. 
For the same reasons, it is likely that the studies by Jambrak et al., (2008) and Shen et 
al., (2016) showed that sonication improved the solubility of WPI by 15-20%. Since the initial 
solubility of WPI was very low around 65-70% below the 73.8-93.5% range reported by Zayas 
(1997a) which increased to 80%-85% after sonication; it is likely that particle size was a 
contributing factor. Furthermore, in the same studies, sonication was applied for up to 20 
minutes, significantly exceeding treatment times used in this study.  
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Figure 4.3. Particle size and solubility of reconstituted WPI at 10% protein concentration. A: 
10% WPI at pH 4.0, B: 10% WPI at pH 4.6, C: 10% WPI at pH 6.7 (gelling occurred at pH 
9.0). (n=3, Average ±SD). 
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Figure 4.4. Particle size and solubility of reconstituted WPI at 7% protein concentration. A: 
7% WPI at pH 4.0, B: 7% WPI at pH 4.6, C: 7% WPI at pH 6.7. D: 7%WPI pH 9.0. (n=3, 
Average ±SD). 
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Figure 4.5.  Particle size and solubility of reconstituted WPI at 4% protein concentration. A: 
4% WPI at pH 4.0, B: 4% WPI at pH 4.6, C: 4% WPI at pH 6.7. D: 4%WPI pH 9.0. (n=3, 
Average ±SD). 
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Figures 4.6 report the effect of sonication on the zeta potential of reconstituted WPI 
suspensions. The findings indicate that there is negligible effect on the charge of the WPI 
suspensions after sonication at all pH and concentration levels trialled. At pH 4.0, the IEP is 
positive at 12-21 mV and at pH 9.0, the IEP is negative at approximately -34 mV to -38 mV. 
These values are similar to those for WPC solutions. Significantly, at pH 4.6, namely the 
expected pI, this remains above zero after sonication. As for WPC reported in Chapter 3, 
sonication did not have any perceptible effect to the net charge of WPI suspensions. This is due 
to acoustic cavitation generated by ultrasound having little or no influence on the chemical 
properties of WPI suspensions and therefore, has no effect on the surface charge as reported by 
Chandrapala et al., (2011) and maintains the functionality of the whey proteins. 
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Figure 4.6.  Zeta potential of sonicated 10% protein (w/w) (A), 7% (B) and 4% (C) 
reconstituted WPI at a range of pH and energy densities (n=3, Average ±SD).  
A
 
B
C
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4.4 Conclusion 
The particle size of reconstituted WPI is small at all concentrations (4%, 7%, 10% 
protein) and pH (4.0, 4.6, 6.7, 9.0) ranging from 0.242 to 0.588 µm with the smallest particles 
measured at pH 9.0. For these reasons, the clarity of solutions was greater than reconstituted 
WPC solutions reported in Chapter 3. Exceptions occurred at pH 4.6 and 10% protein solutions 
and at pH 4.0 and 9.0 where the whey proteins begin to aggregate and particle size increases.  
Low frequency ultrasound (20 kHz) with an applied ED of 15 J/mL to 400 J/mL disrupted 
the already small particles and slightly improves the solubility of reconstituted WPI solutions. 
The greatest reduction in particle size and improvement in solubility occurred at 15 J/mL and 
became consistent at 30 J/mL with little change at 150 and 400 J/mL. These effects are minor 
in comparison to changes observed in WPC since WPI had a solubility of 95-99% prior to 
sonication; and after sonication, particle size was less than 2µm allowing solubility to improve 
only slightly to 98-99%. The small agglomerates present in the suspension make WPI highly 
soluble and significantly more so than WPC. Low frequency ultrasound did not have any effect 
on the surface charge of proteins, as acoustic cavitation at this frequency generates 
predominantly physical effects.  
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Chapter 5.0 Effect of Low Frequency Sonication on the Solubility and Physical 
Characteristics of Reconstituted Milk Protein Concentrate 
 
5.1 Introduction 
5.1.1 Milk protein concentrate  
Milk Protein Concentrate (MPC) is a deriviative from skim milk (Mimouni et al., 2010). 
The manufacuring process of MPC involves subjecting skim milk to pasteurisation, 
ultrafiltration, diafiltration, vacumm evaporation, before spray drying into powder form 
(Mimouni et al., 2010; Sikand et al., 2011). This process is outlined in Figure 5.1. 
 
 
Figure 5.1. The general manufacturing stages of MPC powders (developed from Mimouni et 
al., 2010; Sikand et al., 2011).  
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MPC contains a protein content which varies from 36%-85%, due to the ultrafiltration 
and diafiltration step in its manufacturing process (Sikand et al., 2011). Therefore, MPC can 
be catergorised into 3 types of MPC powder: low protein powder (<40% protein), medium 
protein powder (60%-70% protein), and high protein powder (>80% protein). Comparing the 
composition of MPC to skim milk, MPC has less lactose but a higher protein content (Yanjun 
et al., 2014). MPC, however, generally has a similar casein-whey protein ratio (80% casein; 
20% whey protein) (Yanjun et al., 2014). In this chapter, high protein MPC powder which 
contains both the casein and whey proteins will be the main area of focus. This differs to 
previous chapters where the protein content of WPC and WPI powders consisted entirely of 
whey proteins.  
It has been reported in past research literature that MPC with a protein content greater 
than 80% has poor rehydration and solubility properties at ambient temperature (Mimouni et 
al., 2010; Sikand et al., 2011). In Chapters 3 and 4, it was found that whey protein concentrate 
and whey protein isolates powders had higher solubilities compared to some of the MPC 
powders reported in the literature. Comparing the solubility of WPC, WPI and MPC; WPI has 
the highest solubility (98-100%), followed by WPC (82-86%) then MPC (Mulcahy, Mulvihill 
& O’Mahony, 2015; Zayas, 1997). The solubility of MPC vairies depending on the protein 
content and the composition. MPC with a content of <40% protein has a solubility of 95-100% 
whereas MPC with a high protein content of 80% has solubility of 30-40% (Uluko et al., 2015; 
Yanjun et al., 2014). 
Prior research has investigated means by which to improve the solubility of MPC 
powders. Some of these methods involve the removal of calcuim ions, reducing the pH prior 
to ultrafilitration or diafiltration, and improving the total solids in the manufacturing of MPC 
(Augustin et al.,. 2012; Yanjun et al., 2014; Meena et al., 2017). These methods have indicated 
that the solubility of MPC can be improved, however, all of these methods were before spray 
drying as it helps to improve the solubility of the resultant powders when reconstituted. 
Although in this chapter we do not intervene in the manufacturing process, it is 
hypothesised that low frequency ultrasound (20 kHz) presents an alternative to traditional 
mixing for improving the solubility of reconstituted MPC. This can occur through its ability to 
dissolve the large insoluble aggregates into smaller more soluble aggregates as reported for 
reconstituted WPC and WPI.  
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5.1.2 Effects of ultrasound on reconstituted MPC 
In previous chapters, low frequency ultrasound was used to create non-audible sound 
waves at frequencies of 20 kHz (Man & Karmakar, 2010; Kane et al., 2014) leading to acoustic 
cavitation, which generated mechanical and physical effects strong enough to break molecular 
bonds (Zisu et al., 2012). This technology was used to disrupt insoluble WPC and WPI powder 
aggregates and improving the solubility of reconstituted solutions. This technology has also 
been used in various fields of food applications, with a particular focus in the manufacturing 
of milk products (Chandrapala et al., 2011; Zisu et al., 2011; Zisu et al., 2012). Specifically, 
there has been some research exploring the effect of ultrasound on milk proteins in 
reconstituted MPC solutions. According to published research (Yanjun et al., 2013), it was 
stated that ultrasound could improve the solubility of MPC which from an initial solubility of 
35.78% to 88.30% by sonicating for 5 minutes (Meena et al., 2017; Yanjun et al., 2013). 
Another published study (McCarthy et al., 2013) showed a significant effect on the solubility 
of reconstituted MPC at two different temperatures (25oC and 50oC), stirring time (10, 20 and 
30 minutes) and sonication. After 10 minutes mixing, the solubility of MPC was 45.8% at 25oC 
and 89.7% at 50oC. After sonication, the solubility improved to 95.6%. This indicates that 
ultrasound can improve the solubility of the reconstituted MPC but further investigation is 
required to understand the effects of applied ED during sonication, protein concentration and 
pH. 
Therefore, the aim of this chapter is to determine the effect of low frequency ultrasound 
on reconstituted MPC and to determine the changes in particle size, solubility and the zeta 
potential before and after 20kHz ultrasound treatment. Milk protein concentrate powder will 
be reconstituted at various protein concentrations (4%, 7% and 10% w/w), pH (4.0, 4.6, 6.7 
and 9.0) and ED (0, 15, 30, 150, 300 and 400 J/mL). 
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5.2 Materials and Methods 
5.2.1 Materials 
The MPC was obtained from Murray Goulburn Co. Op. (MG, Australia). According to 
the company’s specification, the MPC had the following composition: 85.5% protein (dry 
basis), 3% lactose, 1.62% fat and 6% moisture.  
Analytical grade NaOH and HCl were purchased from Sigma Aldrich (Australia) and 
filtered deionised water was used in all experiments. 
 
5.2.2 Reconstitution of MPC powders 
The method for reconstitution in this chapter follows the method outlined in Chapter 
3.2.2, such that MPC powder was reconstituted with Milli-Q water at ambient temperature 
(23oC ± 1oC) to produce 4% w/w, 7% w/w and 10% w/w protein suspensions.  
 
5.2.3 Particle size and zeta potential of reconstituted MPC 
 A Malvern Mastersizer and Zetasizer was and Zetasizer were used to determine the particle 
size distribution as outlined in section 3.2.3..  
  
5.2.4 Sonication of reconstituted MPC 
The MPC suspensions (100 mL) were sonicated with a 20 kHz 500W Qsonica (Sonoplus, 
USA) ultrasonic processor with a 12.7mm probe at ED of 15 J/mL, 30 J/mL, 150 J/mL, 300 
J/mL and 400 J/mL as outlined in section 3.2.4. 
 
5.2.5 Solubility of reconstituted MPC 
The solubility of reconstituted MPC solutions was measured by following the 
International Standard and International Dairy (ISO 8156) (IDF 129) (2005) method with 
necessary modifications as outlined in in Chapter 3.2 (section 3.2.5). The MPC suspension was 
centrfudged at 1000g for 10 minutes.   
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5.2.6 Statistical analysis 
The statistical analysis was conducted using IBM’s statistical software (SPSS1, version 
21, IBM Corp.) as outlined in Chapter 3.2 (section 3.2.6).  
 
5.3 Results and Discussion 
5.3.1 Particle size, solubility and zeta potential of reconstituted MPC prior to 
sonication 
Table 5.1 documents the particle size of the reconstituted MPC at the various pH levels 
(4.0, 4.6, 6.7 and 9.0) and protein concentrations (4%, 7% and 10% protein concentration 
(w/w)) before to sonication.  These results indicate that at neutral pH 6.7, all three protein 
concentrations had similar particle sizes ranging from 62 µm to 67 µm. According to several 
authors, the initial particle size of MPC ranges from 31-61 µm (Banach, Clark & Lamsal, 2016; 
Kelly, O'Mahony, Kelly, Huppertz, Kennedy & O'Callaghan, 2015). The particle size from this 
study is similar to that of Kelly et al. (2015). In general, the composition and manufacturing 
process (ultrafiltration process) may have an effect on the particle size. 
A similar trend was also observed at pH 9 for 4% and 7% protein concentrations, where 
particle sizes were much smaller at 0.74 µm and 0.69 respectively. At high pH (i.e., pH 9.0), 
the protein is far more soluble hence the small particle size (Madadlou et al., 2009). At 10% 
protein, the reconstituted solution gelled and particle size could not be determined. Gelling is 
known to occur at high pH and high casein concentration where the micelles dissociate through 
destabilisation of the colloidal calcium phosphate and solutions gel (Phillips & Williams, 
2009).   
Compared to WPC, particle size at pH 6.7 for 4%, 7% and 10% protein concentrations 
ranged from 11 µm -32 µm. For WPI, particle size at pH 6.7 for 4% protein concentrations was 
much smaller ranging from 0.242 µm to 357 µm. This indicates that following reconstitution, 
WPI hydrated well having the smallest remaining insoluble aggregates, followed by WPC and 
then MPC.  
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Table 5.1. Particle size of reconstituted MPC before sonication. 
 Average* particle size (µm) in un-sonicated MPC suspensions. 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
0.74 ± 0.14a*** 
62.31 ± 6.21b,A 
63.00 ± 6.49b 
ND 
7% (protein w/w) 
0.69 ± 0.02a 
62.16 ± 4.72b,A 
127.77 ± 9.01c 
ND 
10% (protein w/w) 
ND** 
67.87 ± 8.67B 
ND 
ND 
*(n=3, Average ±SD) 
**(ND) Not determined. Gelling or aggregation occurred. 
***Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
***Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
As shown in Table 5.1, the particle size is smallest at pH 9.0 for the 4% and 7% protein 
concentration. The results in Table 5.2 indicate that the solution is most soluble at pH 9.0 with 
solubility above 96%. As the pH decreases to a more acidic level, there are larger agglomerates 
and the samples become less soluble. However, pH 6.7 reconstituted MPC solutions exhibit 82 
– 94% solubility. At the lower 4% protein concentration with a particle size 63 µm curdling 
was not observed. At higher protein concentrations studied, such as the 7% and 10% protein 
suspensions, this influences the solubility determination at pH 4 and 4.6 for 7 and 10% protein 
concentration due to the presence of an aggregation effect. At 7% protein at pH 4.6 the 
aggregate size increases to 127µm and for the 10% protein, gelling occurs. This is supported 
visually by Figure 5.2 where phase separation and gelling is clearly visible. Similar 
observations were made for all samples identified as gelled or aggregated. At pH 4.0, 
aggregation and gelling was prevalent and neither particle size nor solubility were measurable. 
Table 5.2 also indicates that solubility is relatively lower at the IEP, where it is less than 60% 
soluble for the 4% and 7% protein suspensions. This is supported in the literature, which 
demonstrates that MPC is poorly soluble at the IEP (Udabage et al., 2011).  
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Table 5.2. Solubility of reconstituted MPC before sonication. 
 Average* solubility (%) in un-sonicated MPC suspensions of 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
99.25 ± 0.19a*** 
89.93 ± 1.56b,A 
58.94 ± 3.29c 
ND 
7% (protein w/w) 
96.64 ± 0.35a 
82.53 ± 1.84b,B 
48.08 ± 0.99c 
ND 
10% (protein w/w) 
ND** 
94.01± 0.94C 
ND 
ND 
*(n=3, Average ±SD) 
** (ND) Not determined. Gelling and aggregation occurred.  
***Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
***Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05). 
 
Zeta potential is a measure of the net charge in a medium (Hunter et. al., 1981). The zeta 
potential of the samples in this segment of research is exhibited 1n Table 5.3. The IEP of 
reconstituted MPC is approximately pH 4.6, at which point, the results indicate that the charge 
is slightly negative (approximately -10 to -13 mV) suggesting that conditions are such that the 
pH is above the true IEP for this sample. At pH 6.7, the negative charge shifted to -18 to -23 
mV and approximately -30 mV at pH 9.0.   
At pH 4.0 it was expected that reconstituted MPC samples had positive charge as pH 
should be below the isoelectric point but this could not be measured as the solution gelled.  
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Table 5.3 Zeta Potential of reconstituted MPC before sonication. 
 Average* zeta potential (mV) in un-sonicated MPC suspensions. 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
-30.50 ± 1.61a*** 
-18.28 ± 2.33b,A 
-10.80 ± 2.27c 
ND 
7% (protein w/w) 
-31.20 ± 0.97a 
-20.14 ± 1.48b,B 
-13.41 ± 0.95c 
ND 
10% (protein w/w) 
ND** 
-23.14 ± 1.39C 
ND 
                  ND 
*(n=3, Average ±SD) 
** (ND) Not determined.  Gelling and aggregation occurred.  
***Mean values with different letter superscripts (a-d) at the same column are 
significantly different (p < 0.05). 
***Mean values with different capital letter superscripts (A-C) at the same row are 
significantly different (p < 0.05).  
 
5.3.2 The effect of low frequency ultrasound on reconstituted MPC  
The effect of 20 kHz ultrasound treatment on the particle size and solubility of 
reconstituted MPC suspensions is exhibited in Figure 5.2 (10% protein), Figure 5.3 (7% 
protein) and Figure 5.4 (4% protein).  
 
 
 
 
 
 
 
Figure 5.2. Particle size and solubility of reconstituted MPC at 10% protein concentration and 
pH 6.7. (n=3, Average ±SD)   
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Figure 5.3. Particle size and solubility of reconstituted MPC at 7% protein concentration. A: 
7% MPC at pH 4.6, B: 7% MPC at pH 6.7, C: 7% MPC at pH 9.0. (n=3, Average ±SD) 
  
A 
B C 
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Figure 5.4. Particle size and solubility of reconstituted MPC at 4% protein concentration. A: 
4% MPC at pH 4.6, B: 4% MPC at pH 6.7, C: 4% MPC pH 9.0. (n=3, Average ±SD) 
 
  
A 
B
   
C 
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The data presented indicate that for 4%, 7% and 10% protein concentration at pH 6.7, all 
three concentrations follow a similar trend, where particle size prior to sonication ranged from 
62 µm to 67 µm. When an ED of 15 J/mL was applied, the particle size decreased to 
approximately 30µm, with a further reduction to approximately 5 µm occurring at and ED 
30J/mL. At 150-400J/mL, particle size became constant to a level below 1 µm. Although the 
actual particle size differs for the MPC, this trend was also observed for reconstituted WPC 
and WPI solutions after ultrasonic treatment as shown in previous chapters. 
The reduction in particle size coincided with an increase in solubility. Solubility 
improved from 82 – 94% before sonication to approximately 99% after sonication. This is due 
to the acoustic cavitation generated by ultrasound, which dissolute the large insoluble 
aggregates to a smaller size and thus, increases solubility (Jambrak et al., 2008; Price and 
Smith, 1993). Similarly, the solubility also improved at equivalent applied energy densities in 
reconstituted WPC and WPI (chapters 3 and 4). 
According to the literature, MPC not only curdles at the IEP, namely where pH is 4.6 but 
it also shows whey and casein separation (Udabage et al., 2011). This is supported in Figure 
5.7, where the particle size shows a large fluctuation when the pH is 4.6 after sonication. This 
is also reflected in the recorded solubility, pH 4.6, was as low as 40% in samples where 
aggregation occurred. This is caused by the lack of interaction between the protein molecule 
and the water content, which causes the forces to repel each other, thereby resulting in the low 
solubility that is observed (Zayas, 1997).  For 10% protein concentration at pH 4.6, and 7% 
concentration at pH 4.0, solubility could not be determined as aggregation of the proteins 
prevented accurate solubility measurement. This is supported in Figure 5.5, which shows signs 
of phase separation and aggregation occurring before sonication, as well as after sonication, as 
reported in Figure 5.6. It appears that ultrasound may have even increased the occurrence of 
gelling at extreme pH conditions; an observation in previous whey protein studies (Zisu et al., 
2011). 
For samples at pH 9.0 with 4% and 7% protein concentration, particle size was not 
affected by ultrasound, as the particles were relatively small (approximately <1 µm), which 
was reflected by the high measured solubility (approximately 99%). This solubility level is due 
to strong attracting forces between water and the protein molecules resulting in water-protein 
binding (Zayas, 1997). 
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Figure 5.5. MPC (10%) reconstituted at pH 4.6 before sonication. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. MPC (10%) reconstituted at pH 4.6 after sonication. A: 15 J/mL, B: 30 J/mL, C: 
150 J/mL, D 300 J/mL, E: 400 J/mL. Top image: top view and bottom image: side view.  
B C D E A 
B C D E A 
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Due to the technological limitations of the Mastersizer that restricts measuring particles 
sizes to a micrometre to a millimetre range (Malvern, 2016), the particle size was also 
measured using the Zetasizer to determine the dimensions of sub-micron particles (below 
1µm).   
Figure 5.6 shows the measurements of submicron particles of the MPC reconstitutions. 
The results clearly indicate that, at pH 4 and 4.6 for all protein concentrations, particle size is 
greater than 1µm, which exceeds the limits of the Zetasizer. It also shows that there are 
fluctuations in results (size), which can be attributed to the effects of curdling and aggregations 
at those corresponding pH levels. At low pH (<5.0) values, the casein micelle will be 
destabilised by the dissociation of the colloidal calcium phosphate from the casein micelle. At 
a pH of around 5.0, aggregation begins to develop. This in turn causes destabilisation as there 
is a decrease in repulsive forces (Gorji, Gorji & Mohammadifar, 2013; HadjSadok et al., 2007).  
At pH 6.7 and 9.0 for the three concentrations studied, there is negligible effect on the 
submicron particle size of approximately 0.2 µm (the commonly reported size of intact casein 
micelles); as low frequency ultrasound only has increased efficacy on large insoluble 
aggregates in its ability to dissolute them into smaller size via acoustic cavitation (Zisu et al., 
2011). Such large agglomerates were not present in reconstituted MPC samples at these 
conditions so the reported size represents the casein micelles. Casein micelles are caseins which 
are bounded with a calcium phosphate that form an aggregate of many proteins and resulting 
in an average aggregate particle size of 0.2 µm (Dalgleish & Corredig, 2012; De Kruif & Holt, 
2003). Studies have clearly demonstrated that ultrasound neither physically disrupting the 
casein micelles and the size remains constant at approximately 0.2 µm nor does high shear 
forces exerted by sonication significantly affect the mass transfer of minerals from within the 
casein micelles (Chandrapala et al., 2012; Chandrapala et al., 2014). 
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Figure 5.7. Sub-micron particle size of MPC reconstituted to 10% (A), 7% (B) and 4% (C) 
protein at pH 4.0, 4.6, 6.7 and 9.0 before and after sonication at 15, 30, 150, 300 and 400 J/mL. 
(n=3, Average ±SD) 
  
A B 
C 
 88 
 
Figure 5.8 shows the zeta potential of reconstituted MPC before and after sonication. At 
4%, 7% and 10% protein concentration, the protein surface charge was positive at pH 4.0 and 
negative at pH 4.6, 6.7 and 9.0. The results indicate that low frequency ultrasound has little to 
no effect on the zeta potential at all ED (15 – 400 J/mL) trialled, as low frequency ultrasound 
generates physical effects as a result of acoustic cavitation to alter the physical properties of 
the protein particles;, however, it does not effect on the chemical integrity of the proteins 
(Yanjun et al., 2014; Meena et al., 2017). This was also confirmed for whey protein work in 
which similar energy densities did not influence the protein charge (Chandrapala et al., 2011).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 8. Zeta Potential of MPC reconstituted to 10% (A), 7% (B) and 4% (C) protein at pH 
4.0, 4.6, 6.7 and 9.0 before and after sonication at 15, 30, 150, 300 and 400 J/mL. (n=3, Average 
±SD   
A B 
C 
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5.4 Conclusions 
Low frequency 20 kHz ultrasound had an overall effect on reconstituted MPC 
suspensions, namely on the characteristics of particle size and solubility of powder upon 
reconstitution to 4%, 7% and 10% protein. There was little to no change in the surface charge 
after sonication and this parameter was only influenced by the solution pH. The zeta potential 
was positive at pH 4.0 below the isoelectric point and negative at pH 4.6, 6.7 and 9.0. At an 
applied ED of 15 J/mL, there was a demonstrable particle size reduction as large insoluble 
aggregates were disrupted, and solubility increased. This trend continued until reaching an 
applied ED of 150 J/mL was reached, at which point, solubility and particle size become 
constant. This effect of applied ED matched those identified in previous WPC and WPI 
chapters. Solubility was lowest (30-40% solubility) and particle sizes was highest at pH 4.0 
and 4.6 for all protein concentrations. This was due to protein aggregation. Although initial 
solubilities of reconstituted MPC powders were generally lower than WPC and WPI powders 
reported in previous chapters, ultrasound could substantially aid the solubility of MPC to a 
greater extent than the other protein powder types. At neutral pH 6.7 the solubility was 80-90% 
and sonication increases this parameter to 99%. At pH 9.0, the particle size was smallest and 
solubility highest at approximately 99.25%. Since reconstituted MPC was almost fully soluble 
under these conditions, sonication could only marginally improved solubility to 99.80%.  
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6.0 Effect of Low-Frequency Ultrasound on the Particle Size, Solubility and Surface 
Charge of Reconstituted Sodium Caseinate 
 
6.1 Introduction 
6.1.1 Sodium caseinate   
Dairy ingredients play a key role in food processing due to functionalities derived from 
their composition and often act as foaming, stabilising, and solubilising agents. Sodium 
caseinate (Na-CN) is a one such dairy ingredient which is commonly used in commercial food 
manufacturing primarily as either a fat stabiliser or an emulsifier (Srinivasan, Singh & Munro, 
1996). Na-CN is derived from skim milk, where its pH is adjusted to 4.6, thereby triggering 
whey-casein protein separation. This enables the calcium phosphates to solubilise and 
subsequently be removed. Following this, minerals such as lactose and the whey proteins are 
extracted before the pH of the casein is readjusted to 7.0 through the introduction of an alkaline 
solution, which, in this case, is sodium hydroxide (O’Kennedy et al., 2005). The manufacturing 
process described above is outlined in Figure 6.1. The resultant solution, which has 
approximately 90% protein content, is then spray dried into a powder form, which renders it 
into a suitable condition for subsequent use as a food ingredient (Southward, 2008).  
The structural integrity of the casein micelle is supported by colloidal calcium phosphate 
(CCP) which consists of hydrophobic and electrostatic interactions (Madadlou et al., 2009a). 
Na-CN contains the components of the four casein fractions, namely αs1-, αs2-, β- and κ-, which 
have the weight proportions of 4:1:4:3 (Braga, Menossi & Cunha, 2005). Casein: as1- and β- 
constitute 75% of the total casein in milk, with β-casein possessing the highest surface-active 
properties compared to the other casein fractions. It also contains enhanced hydrophobic 
properties relative to as1-casein (Jahaniaval et al., 2000). To be able to attain the aforementioned 
functionalities, Na-CN needs to be reconstituted in water and the resultant solubility of powders 
must be high. 
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Figure 6.1. Schematic demonstrating the manufacturing of sodium caseinate powders 
(developed from O’Kennedy et al., 2005).  
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6.1.2 Solubility of reconstituted Na-CN 
The caseins in Na-CN are altered to increase its solubility; with protein concentration 
and pH having a significant effect on the solubility of Na-CN. The IEP of Na-CN is at pH 4.6-
5.5. At this point, solubility is very low resulting in aggregation due to the decrease in the 
repulsive forces of the molecules, which serve to be one of the primary factors that influence 
solubility in this case (Jahaniaval et al., 2000; Gorji et al., 2013). In the previous chapters, 
WPC, WPI, and MPC all had a similar IEP, where the solubility is at its lowest and the 
formation of protein aggregation was apparent.  
Na-CN has relatively high solubility at native pH (~6.5) and as the pH increases, the 
solubility increases in tandem (Jahaniaval et al., 2000). In previous chapters, it was 
demonstrated that WPI had the highest solubility followed by WPC and MPC, but solubility 
was always greater at the highest alkali pH (9.0). This is attributable to its inherent composition 
and its manufacturing process, which affects the physical and chemical properties of the milk 
ingredients. According to literature, it is suggested that as the pH is adjusted towards a more 
alkaline level, the casein micelle is disrupted, thereby resulting in changes in both particle size 
and solubility (Madadlou et al., 2009a), as well as its CCP structure. 
 
6.1.3 Viscosity of reconstituted Na-CN 
Viscosity is also affected by pH when reconstituting the Na-CN powders in water. 
Minimum viscosity is observed at pH 7. As the pH of the Na-CN dispersion is adjusted and 
lowered to pH 5.0 or below, viscosity is observed to increase. This is due to the formation of 
protein aggregation, which can also establish the conditions needed for gelation and a solid gel 
can result (Gorji, Gorji & Mohammadifar, 2013; Phillips & Williams, 2009). Similar 
observations are made at extremely high pH. When the pH is adjusted to more alkaline levels 
(>9.0) viscosity also increases. This occurrence can be attributed to the destabilisation of the 
casein micelle, which increases the viscosity and can also lead to gelling (Phillips & Williams, 
2009).  
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6.1.4 Effect of low frequency ultrasound on reconstituted MPC 
Non-audible sound waves at frequencies over 20 kHz generated by low frequency 
ultrasound resulting in acoustic cavitation (Man & Karmakar, 2010; Kane et al., 2014) have 
been demonstrated in prior research to generate mechanical, physical, and chemical effects that 
are strong enough to break molecular bonds (Zisu et al., 2012). In previous result-chapters, of 
this thesis, these low frequency sound waves were used successfully to reduce the particle size 
and improve the solubility of reconstituted WPC, WPI and MPC powders.  
Although ultrasound has been used in various food applications as reviewed by Chemat 
et al., (2011), and in numerous dairy applications (Chandrapala et al., 2011; Zisu et al., 2011; 
Zisu et al., 2012). Prior research in this regard has always explored the effect of low frequency 
ultrasound on milk proteins, particularly on whey proteins but not caseinate powders 
specifically (Zisu et al., 2011). Without prior reported studies exploring the effects of 
sonication on the particle size, solubility, surface charge and viscosity, it is speculated that the 
technology will result in predominantly physical effects on the parameters in focus as reported 
in other casein containing powders such as MPC. 
In this chapter, the effects low frequency 20 kHz ultrasound (15, 30, 150, 300 and 400 
J/mL) are investigated on the particle size, solubility, surface charge and viscosity of Na-CN 
reconstituted to 4%, 7% and 10% protein at pH 4.0, 4.6, 6.7 and 9.0 are investigated. 
 
6.2 Materials and Methods 
6.2.1 Materials  
For this experiment, Na-CN was obtained from Murray Goulburn (MG, Australia). 
According to the company’s specifications, the Na-CN powder had the following composition: 
92.7% protein (dry basis), 0.2% lactose, 0.7% fat and 4.3% moisture.  
Analytical grade NaOH and HCl were purchased from Sigma Aldrich (Australia). 
Filtered and deionised water was used in all experiments. 
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6.2.2 Reconstitution of Na-CN  
The method follows that which is outlined in Chapter 3.2.2, where the Na-CN powder 
was reconstituted with Milli-Q water at ambient temperature (23oC ± 1oC) to produce 4% w/w, 
7% w/w, and 10% w/w protein suspensions.  
 
 6.2.3 Particle size and zeta potential of reconstituted Na-CN 
 A Malvern Mastersizer and Zetasizer was used to determine the particle size 
distribution as outlined in section 3.2.3. 
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6.2.4 Sonication of reconstituted Na-CN 
The reconstituted Na-CN suspensions (100 mL) were sonicated by a 20 kHz 500W 
Qsonica (Sonoplus, USA) ultrasonic processor with a 12.7mm probe as outlined in section 
3.2.4.  
 
6.2.5 Solubility of reconstituted Na-CN 
The solubility of reconstituted Na-CN solutions was measured in adherence to the 
International Standard and International Dairy (ISO 8156) (IDF 129) (2005) method with 
necessary modifications outlined in section 5.2.5. 
 
6.2.6 Rheological measurements  
The viscosity of reconstituted Na-CN samples was evaluated with a Thermo HAAKE 
Rheometer RS100 (Artisan Technology Group, USA) using a 35mm 2o angled cone geometry. 
The viscosity measurement of the samples was collected at shear rates of 10-800 s-1 over a 
period of 10 minutes. All measurements were conducted in an environment where the ambient 
temperature was maintained at 23oC ± 1oC.  
 
6.2.7 Statistical analysis 
The statistical analysis was conducted using IBM’s statistical software (SPSS1, version 
21, IBM Corp.) as outlined in section 3.2.6.  
 
6.3 Results and Discussion  
6.3.1 Particle size and solubility of reconstituted Na-CN prior to sonication 
Table 6.1 documents the particle size of the Na-CN suspensions, which were 
reconstituted to 4%, 7%, and 10% protein concentration before the application of ultrasound. 
Particle size was determined using the Mastersizer 3000. Results indicate that particle size at 
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pH 4.0 and 4.6 could not be determined, as the pH is close to the pI (pH 4.6) or below the pI 
(pH 4.0), thereby causing coagulation and aggregation of the casein proteins at 4%, 7% and 
10% protein concentration. This occurrence has been acknowledged in literature where, as the 
pH decreases to approximately 5.0 and below, aggregation of the casein proteins occurs due to 
a decrease in repulsive interaction, thereby resulting in destabilisation of the micelles (Gorji, 
Gorji & Mohammadifar, 2013; HadjSadok et al., 2007). This aggregation and gelling behaviour 
of the casein proteins is demonstrated in acidic conditions at pH 4.0 and 4.6 for 10% protein 
concentration (Figure 6.2).  
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Figure 6.2. A: Na-CN reconstituted to 10% protein concentration at pH 4.0; B: Na-CN 
reconstituted to 10% protein concentration at pH 4.6. 
 
Table 6.1 indicates that particle size at pH 6.7 ranges between 5 µm-6 µm. As pH became 
more alkaline, particle size increased to 78 µm - 82 µm at 4% and 7% protein, respectively. 
This trend of increased particle size at pH 9.0 due to swelling and dissociation of the casein 
micelles was demonstrated in prior literature (Madadlou et al., 2009a; Huppertz et al., 2008). 
These results differ to those in previous chapters where the particle size reduced at pH 9.0 as 
the whey proteins in reconstituted WPC, WPI and MPC powders became more soluble.  
At high protein concentration (10%), aggregation of the caseins occurred. High pH 
causes the casein micelle to dissociate, meaning that the intramicellar stability of the casein 
micelle is disrupted through loss of CCP and consequently, destabilisation of the κ-casein (Vaia 
et al., 2006). Intramicellar stability, in this case, refers to the robustness of the structural 
integrity of the casein micelle when subjected to environmental factors, which, in this case, is 
the adjustment of pH (Vaia et al., 2006).  
 
  
A B 
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Table 6.1. Particle size of reconstituted Na-CN before to sonication. 
 Average* particle size (µm) in un-sonicated Na-CN suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
81.75 ± 11.68 
5.02 ± 0.11b*** 
ND 
ND 
7% (protein w/w) 
78.20 ± 35.35 
4.97 ± 0.23b 
ND 
ND 
10% (protein w/w) 
ND** 
6.81 ± 0.16a 
ND 
ND 
*(n=3, Average ±SD)  
**Not determined (ND) due to sample aggregation and gelling. 
***Mean values with different lowercase letter superscripts (a-c) in the same row are 
significantly different (p < 0.05). 
 
Figure 6.3 shows the reconstitution of MPC at pH 9.0 at 4%, 7% and 10% protein 
concentrations, which indicate that as the pH is adjusted more towards alkaline conditions, 
particle size increases but aggregation occurs at the 10% protein sample. This is attributable to 
the disassociation of the surface layer of the κ- and β-casein, as well as stabilising of the CCPs 
(Madadlou et al., 2009a). This surface layer stabilises the integrity of the casein micelle. Once 
removed, the caseins forms aggregates which consequently increases particle size (Vaia et al., 
2006).  
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Figure 6.3. Na-CN reconstitution at pH 9.0: A: 4% protein concentration, B: 7% protein 
concentration, C: 10% protein concentration. 
 
Table 6.2 presents the measurements of Na-CN solubility before to sonication. Although, 
swelling of the casein micelles occurred at pH 9.0, the highest solubility of 99.58% and 
99.37%, was recorded at that pH in 4% and 7% protein solutions, respectively. Solubility was 
lower at neutral pH, with the lowest solubility measured at 10% protein concentration and pH 
6.7 (native pH) which had a solubility of 94.37%. Significantly higher (p < 0.05) solubility at 
approximately 98% was obtained when the pH was pH 6.7 and lower protein concentrations of 
4% and 7% protein measured at approximately 98%. The results suggest that there is a 
concentration effect on solubility of reconstituted Na-CN.  
Moreover, these results demonstrate that as pH becomes more alkaline, solubility 
increases. At pH 9.0, solubility increases for all three protein concentrations. This is supported 
by recognised research literature where the solubility is higher as the pH is adjusted to the 
alkaline region (Jahaniaval et al., 2000). As the pH becomes more acidic and close to the IEP 
, however, protein aggregation and coagulation occurred, thereby precluding any 
measurements from being taken. This is also supported in literature, where it has been stated 
that Na-CN starts to form aggregation at pH 4.6-5.5 and is also where solubility is at its lowest 
should the protein concentration be sufficiently low to remain in solution (Gorji et al., 2013; 
Jahaniaval et al., 2000).   
A B C 
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Table 6.2. Solubility of reconstituted Na-CN before sonication. 
 Average* solubility (%) in un-sonicated Na-CN suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
99.58 ± 0.26 
98.38 ± 0.03b*** 
ND 
ND 
7% (protein w/w) 
99.37 ± 0.04 
97.34 ± 0.18b 
ND 
ND 
10% (protein w/w) 
ND** 
94.37 ± 1.09a 
ND 
ND 
*(n=3, Average ±SD) 
**(ND) Not determined due to sample aggregation and gelling. 
***Mean values with different letter superscripts (a-c) in the same row are significantly 
different (p < 0.05). 
 
6.3.2 The effect of low frequency ultrasound on the particle size and solubility of 
reconstituted Na-CN suspensions 
Low frequency sonication was applied to the Na-CN suspensions at the specified range 
of ED (15, 30, 150, 300 and 400J/mL) and the particle size was measured. There was no 
observable particle size reduction at pH 6.7 at all three protein concentrations studied despite 
the increasing applied energy densities. Particle size remained constant at approximately 5-
6µm and this is outlined in Figure 6.4, Figure 6.5 and Figure 6.6. This agrees with previous 
literature which suggests that low frequency ultrasound has no effect on the structural integrity 
of the casein micelle (Chandrapala et al., 2012; Madadlou et al., 2009b). Due to the small 
soluble particles in solution and the absence of large agglomerates, these results differ to that 
reported in the previous WPC and MPC chapters where large agglomerates were disrupted as 
the ED of sonication intensified during treatment.  
Particle size data also follows the solubility of the Na-CN at pH 6.7 where there is no 
effect on the solubility after the application of ultrasound but as the protein aggregates are 
absent, the solubility of the samples is high (above 98%).  
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Results at pH 9.0 on the other hand differ as reported in Figure 6.4, Figure 6.5 and Figure 
6.6. Data shows that particle size reduction occurs after ultrasound treatment at pH 9.0 for all 
protein concentrations studied. Due to swelling and destabilisation of the larger micelles, the 
particles size is significantly greater 7% protein (pH 9.0) (~80µm) than the equivalent at pH 
6.7 (~5µm) which, can be associated with an improvement in the effectiveness of sonication. 
The trend follows the findings in previous chapters (WPC, WPI and MPC), where at 15J/mL, 
there is a significant reduction in particle size, with further reduction after application of 
30J/mL and at 150J/mL, the particle size becomes constant at ~2 µm. One suggested reason 
for the decrease in particle size after ultrasound treatment is that the structural integrity of the 
casein micelles is disrupted by solubilising the CCPs, which can then be influences by the shear 
force generated by ultrasound (Madadlou et al., 2009b). As particle size is disassociated by 
ultrasound, solubility of the suspension is enhanced slightly at pH 9.0 from approximately 98% 
to 99%. Particle size and solubility at pH 4.0 and 4.6, however, could not be determined due to 
aggregation and protein coagulation that occurred under these conditions.  
 
 
 
 
 
 
 
 
 
Figure 6.4. Particle size and solubility of reconstituted Na-CN at 10% protein concentration 
and pH 6.7. (n=3, Average ±SD) 
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Figure 6.5. Particle size and solubility of reconstituted Na-CN at 7% protein concentration. A: 
7% Na-CN at pH 6.7, B: 7% Na-CN at pH 9.0. (n=3, Average ±SD) 
 
 
 
 
 
 
 
 
 
Figure 6.6. Particle size and solubility of reconstituted Na-CN at 4% protein concentration. A: 
4% Na-CN at pH 6.7, B: 4% Na-CN at pH 9.0. (n=3, Average ±SD) 
 
  
A B 
A B 
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The  particle size was also measured using the Zetasizer to observe submicron particle 
behaviour. Figure 6.7 reports the measured sub-micron particle size of 4%, 7% and 10% 
reconstituted Na-CN solutions at pH 6.7 and 9.0 before and after sonication. Results showed 
that at pH 9.0, particle size was smaller (~0.15 – 0.2µm) compared to that at pH 6.7 (0.3 – 
0.4µm) in the absence of agglomerates as the casein proteins were more soluble. Data also 
indicated that there were minimal changes in particle size in response to sonication. It is 
expected that there is little to no sub-micron particle size change at pH 6.7 and 9.0 in the soluble 
phase due to the absence of large agglomerates. The physical effect of 20 kHz acoustic 
cavitation is insufficient to disrupt the structural integrity of the casein micelles at applied 
energy densities of up to 400J/mL (Chandrapala et al., 2012; Madadlou et al., 2009b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7. Sub-micron particle size before and after sonication of 10% (A), 7% (B) and 4% 
(C) reconstituted Na-CN at pH 6.7 and 9.0 before and after sonication. (n=3, Average ±SD)  
A B 
C 
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6.4 The surface charge of reconstituted Na-CN prior to and after sonication 
Table 6.3 reports the zeta potential of 4%, 7% and 10% protein reconstituted Na-CN 
solutions measured before sonication. Zeta potential is the measure of the surface net charge 
of a solution, and was measured using the Zetasizer (Hunter et. al., 1981). Results indicate that 
Na-CN solutions have a negative charge at pH 6.7 and 9.0, i.e. the isoelectric point. The surface 
charge of reconstituted Ca-CN solutions was approximately -17mV at pH 6.7 and -20mV at 
pH 9.0. Due to micelle destabilisation and aggregation of the caseins, the surface charge was 
not measured at pH 4.6 where it was expected to be near neutral at the IEP and positive at 
acidic pH 4.0. 
 
Table 6. 3. Zeta Potential of reconstituted Na-CN before sonication. 
 Average* zeta potential (mV) in un-sonicated Na-CN suspensions 
pH 
9.0 
6.7 
4.6 
4.0 
4% (protein w/w) 
-20.50 ± 1.09a*** 
-17.40 ± 0.68a 
ND** 
ND 
7% (protein w/w) 
-20.09 ± 0.93a 
-17.40 ± 0.45a 
ND 
ND 
10% (protein w/w) 
-21.87 ± 2.60a 
-17.80 ± 1.05a 
ND 
ND 
*(n=3, Average ±SD) 
**(ND) Not determined due to sample aggregation and gelling. 
***Mean values with different letter superscripts (a-c) at the same row are significantly 
different (p < 0.05). 
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Figure 6.8 reports the zeta potential measurements before and after sonication. As 
anticipated, there were no changes in the zeta potential after the application of low frequency 
ultrasound, as the resultant acoustic cavitation of the procedure has no effect on the chemical 
properties of the protein solutions (Chandrapala et al., 2011).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. Zeta Potential before and after sonication of 10% (A), 7% (B) and 4% (C) 
reconstituted Na-CN. (n=3, Average ±SD) 
 
  
A B 
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6.5 Viscosity of reconstituted Na-CN solutions 
The shear rate viscosity profiles of reconstituted Na-CN solutions are reported in Figure 
6.9 (A and B). Viscosity was dependent on the protein concentration and pH; an observation 
supported by the literature (Rollema & Muir, 2009). The greater the protein content, the higher 
the viscosity. At pH 9.0 and 10% protein, the viscosity was significantly greater (75 mPa.S at 
100 sec-1) than at 7% protein (10 mPa.S at 100 sec-1) and 4% protein (3 mPa.S at 100 sec-1) at 
the same pH.  
Solutions at pH 9.0 had the highest viscosity at all concentrations compared to those at 
pH 6.7. The 10% protein solution at pH 9.0 was the most viscous prior to sonication. These 
findings are supported by literature where the viscosity was demonstrated to be high when the 
pH exceeds 9.0 (Gorji, Gorji & Mohammadifar, 2013; Phillips & Williams, 2009). This is 
caused by the collapse of casein due to intramicellar destabilisation of the casein micelles, 
thereby causing protein aggregation, which then leads to an increase in viscosity.  
As the protein concentration at pH 9.0 reduces, viscosity also decreases (Vaia et al., 2006; 
Phillips & Williams, 2009). At pH 6.7, prior to sonication the viscosity of the suspension was 
at its lowest. This was also reported by other researchers (Phillips & Williams, 2009).  
Sonication at 20kHz and applied ED of 150J/mL shows no meaningful evidence 
supporting a viscosity reduction and this is vastly different to the viscosity reduction reported 
in whey protein solutions (Chandrapala et al., 2011; Zisu et al., 2010; Zisu et al., 2012). In 
whey protein studies, the viscosity of solutions was reduced by approximately 10% after an 
applied ED as low as 31J/mL. The viscosity lowering effect in whey protein solutions was 
attributed to disruption of large aggregates which are largely absent in Na-CN solutions. 
Presumably, due to the lack of large insoluble aggregates, the results, therefore, demonstrate 
that ultrasound does not affect viscosity of reconstituted Na-CN.  
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Figure 6 9. Shear rate viscosity profile of Na-CN reconstituted to 4%, 7% and 10% protein at 
pH 6.7 and 9.0 prior to and after 150J/mL sonication: A: Full profile. B: y-axis set to 20 
mPa.S. 
  
A 
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6.6 Conclusions 
Low frequency ultrasound had no physical effect on the casein micelles at native pH 6.7, 
as the acoustic cavitation generated by low frequency 20 kHz ultrasound does not affect the 
structure integrity of the micelle. Although, when the casein micelles are disrupted by adjusting 
the pH to 9.0 or below the IEP (pH 4.6), however, there is a noticeable increase in particle size. 
This is attributable to resultant destabilisation and dissociation of the casein micelles, which in 
turn created protein aggregation that, consequently, led to an increase in particle size. Due to 
the high solubility of Na-CN and absence of large agglomerates, sonication had little effect on 
the particle size at pH 6.7. Whereas, at pH 9.0, particle size reduction and an increased 
solubility was noted after treatment with ED of 15 J/mL to 150 J/mL. Particle size and solubility 
then became constant when the ED used was beyond 150 J/mL. Viscosity of the Na-CN 
suspension was dependent on the pH and protein concentration and the viscosity was greatest 
at pH 9.0 at higher protein concentrations. However, sonication did not influence the viscosity 
of Na-CN solutions at an applied ED of 150 J/mL. Solutions containing 10% protein 
concentration had the highest viscosity whereas the viscosity was the lowest for 4% protein 
concentration at pH 6.7.  
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Chapter 7.0 Conclusions and Future Directions 
 
7.1 Conclusions  
The overall objective of this thesis was to investigate the effects of low frequency 20 kHz 
ultrasound on the reconstituted protein ingredients WPC, WPI, MPC and Na-CN at a range of 
pH (4.0, 4.6, 6.7 and 9.0), protein concentrations (4%, 7% and 10% w/w) and energy densities 
(15, 30, 150, 300 and 400 J/mL). Parameters that were investigated included protein surface 
charge, particle size of reconstituted solutions and the effects on powder solubility. The effects 
of ultrasound on solution viscosity were also explored in reconstituted Na-CN solutions. 
Previous studies identified that ultrasound does reduce the particle size of suspensions and it 
was hypothesised that low frequency ultrasound will improve the solubility of reconstituted 
powders by reducing the size of large insoluble aggregates. Past studies, however, only 
explored the effects of sonication at random and often at excessive and unjustified energy 
densities and a systematic study was required to identify optimal treatment conditions that serve 
a practical purpose. Furthermore, the pH of sonicated solutions was neglected and a pragmatic 
and comprehensive study exploring a range of alkali, pH neutral and acidic environments was 
lacking. Since the solubility of the powders is mainly affected by the composition, a systematic 
design was incorporated into this study to identify effects of ultrasonic treatment on protein 
suspensions containing only whey proteins (WPC and WPI), containing only casein proteins 
(Na-CN) and containing a mixture of casein and whey proteins (MPC).  
The effect of sonication on reconstituted WPC solutions showed a particle size reduction 
in response to ultrasonic treatment and this increased the solubility of powders (Chapter 3). 
The experiments suggested that by applying a low ED of 15 J/mL (26 seconds contact time) to 
the suspensions results in a significant physical reduction in the size of insoluble aggregates 
and thereby improves the solubility at all protein concentrations (4%, 7% and 10%) as well as 
at pH 4.0, 4.6, 6.7 and 9.0. Further reduction in particle size occurred at an applied ED of 30 
J/mL but there was no further reduction in size beyond 150 J/mL. Particle size reduced from 
7-41 μm depending on the protein concentration or pH to <0.5 µm at 150 J/mL. Prior to 
sonication, WPC had a solubility of approximately 87-97% (dependent on pH and protein 
concentration) and this was substantially improved with ultrasound treatment. There was little 
or no effect on the soluble whey proteins (in terms of particle size and surface charge) 
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confirming that low frequency ultrasound at applied energy densities of up to 400J/mL only 
reduces the size of large insoluble particles and does not affect the proteins directly since low 
frequency ultrasound has no effect on the chemical properties of the solution. 
The effect of ultrasound on reconstituted WPI solutions indicated that there was a small 
impact on the particle size and solubility (Chapter 4). Due to the absence of large insoluble 
aggregates (common to reconstituted WPC), however, the magnitude of the particle size 
reduction was comparatively small compared to that for WPC. In reconstituted WPI, the 
particle size was only 0.242 µm to 0.588 µm with the smallest particles measured when the 
sample pH was 9.0. Unlike WPC, reconstituted WPI solutions were greatly affected by extreme 
alkali and acidic pH due to the more refined whey proteins (compared to whey proteins from 
WPC). Exceptions in particle size occurred at pH 4.6 and 10% protein solutions and at pH 4.0 
and 9.0 where the whey proteins began to aggregate and consequently, particle size increased. 
Before sonication, WPI had a solubility of 95-99% and after sonication, particle size was less 
than 2µm allowing solubility to improve only slightly to 98-99%. Common to WPC treatment, 
it was shown that the particle size was effectively reduced and solubility increased by applying 
15J/mL of energy during ultrasonic treatment at all protein concentrations and pH 
environments studied. Like WPC, there was little to no reduction in particle size beyond 
150J/mL. Similarly, as was shown in WPC solutions, low frequency ultrasound did not have 
any effect on the surface charge of whey proteins, as low frequency ultrasound effects are 
physical rather than chemical.  
In protein solutions containing both the casein and whey proteins, low frequency 
ultrasound also influenced the particle size and solubility of reconstituted MPC powders 
(Chapter 5). At 15 J/mL there was a particle size reduction and solubility increase until 
reaching 150 J/mL, at which point, solubility and particle size become constant. The effects 
observed at these energy densities are common to the whey protein powders WPC and WPI. 
Solubility was lowest (30-40%) and particle size was highest at pH 4.0 and 4.6 for all protein 
concentrations (4%, 7% and 10%) studied due to protein aggregation at or below the pI. 
Although initial solubilities of reconstituted MPC powders were generally lower than those of 
WPC and WPI, ultrasound substantially improved the solubility of MPC to a greater extent 
than for the whey protein powders. At pH 6.7 the solubility was 80-90% and this was increased 
to 99% following sonication. At pH 9.0, the particle size was smallest and solubility highest at 
approximately 99.25%. Since reconstituted MPC is highly soluble at pH 9.0, sonication could 
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only marginally improve solubility to 99.80%. There was no change in the protein surface 
charge after ultrasonic treatment. 
 
In Chapter 6, the effects of low frequency sonication were examined in reconstituted 
casein only solutions. Low frequency ultrasound had no physical effect on the casein micelles 
at pH 6.7, as the acoustic cavitation generated by low frequency 20 kHz ultrasound does not 
affect the structure integrity of the micelle. When the casein micelles were disrupted by 
adjusting the pH to 9.0 or below the isoelectric point (pH 4.6), however, there was a noticeable 
increase in particle size. This is attributable to resultant destabilisation and dissociation of the 
casein micelles, which aggregated casein and thereby increased particle size. Due to the high 
solubility of Na-CN and absence of large agglomerates, sonication had neglibible effect on the 
particle size at pH 6.7, however, at pH 9.0, ultrasound application showed signs of being able 
to reduce particle size and increase solubility at 15 J/mL to 150 J/mL. Particle size and 
solubility then became constant beyond 150 J/mL. Viscosity of the Na-CN suspension was 
dependent on the pH and the viscosity was greatest at pH 9.0. Solutions containing 10% protein 
concentration had the highest viscosity whereas the viscosity was the lowest at 4% protein 
concentration at pH 6.7.  In what was an unexpected result, the viscosity of Na-CN solutions 
was not influenced by sonication at 150J/mL despite previous reports suggesting a reduction 
in the viscosity of whey protein solutions. This result was attributed to the absence of large 
insoluble aggregates in Na-CN solutions.  
 
Overall, this systematic study has demonstrated the importance of controlled 
experimental conditions and adequate reporting when advancing the knowledge in a relatively 
new scientific field. Results clearly demonstrate that low frequency 20 kHz sonication reduces 
the particle size of reconstituted protein solutions and improves solubility at applied energy 
densities significantly lower than previously documented in literature. In fact, few other studies 
of a similar nature even identify ED as a key parameter and this must clearly change. Although 
a general trend was observed in whey protein, casein and mixed casein-whey protein solutions, 
the protein type and concentration were shown to greatly affect the efficiency of sonication and 
this must be considered in future studies. However, the pH of the reconstituted solution was 
identified as critical beyond all other parameters and therefore, is very relvant to experimental 
design; a key conclusion that is lacking in other comparable studies. 
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7.2 Future Work  
7.2.1 Understanding the effects of low frequency ultrasound on the oxidative 
stability of milk fat and protein solutions 
In chapters 3-6, an unidentifiable aroma was detected in reconstituted WPC, WPI, MPC 
and Na-CN solutions following prolonged sonication above 150 J/mL. Odour intensity was 
dependent on the whey protein and caseinate powder type and the duration of sonication.  
 
Hypothesis and proposed research: 
Low frequency ultrasound generates acoustic cavitation which releases vast amounts of 
energy in the form of heat, pressure and shear forces. These physical shear forces were 
exploited in the current project and solubility of reconstituted powders improved greatly at 
applied energy densities of 15, 30, 150, 300 and 400 J/mL. Beyond the applied ED of 150 J/mL, 
there was only a slight change in solubility irrespective of the protein solution, pH or 
concentration.  There was no effect on the protein zeta potential, which is consistent with prior 
research findings, namely, that low frequency ultrasound has a physical effect on the system 
rather than a chemical effect (Riener et al., 2009). However, depending on the ingredient source 
and ED, a noticeable and unidentifiable smell was detected which suggests that unknown 
chemical reactions were indeed occurring beyond our understanding of this applied technology. 
Smells associated with the ultrasonic treatment of dairy solutions have also been described 
previously but little has been done to characterise these (Riener et al., 2009; Juliano et al., 2014; 
Martini & Walsh, 2012). Formation of volatile compounds are believed to be the cause byt 
further experimental work must be carried out to determine the nature of the  reactions taking 
place.  
It is well accepted that high frequency ultrasound beyond 200 kHz generates OH. and H. 
radicals at the expense of physical shear with optimum radical production occurring at 300 – 
600kHz frequency. For this reason, ultrasound is rarely used in food applications beyond 
20kHz frequency. Although unsubstantiated, it has always been assumed that low frequency 
ultrasound is a “safe” food processing alternative to high frequency due to the low amounts of 
radicals produced. However, there are no studies reported in literature where these claims are 
supported with evidence and in fact, there are few studies that actually control the applied ED 
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during treatment. When one calculates the applied energy, density based on the limited 
information presented in peer reviewed articles, it becomes evident that in many of the reported 
studies, the apply energy densities are poorly reported and often in the order of 300 to > 1,000 
J/mL. These values are practically inappropriate and better reporting of this parameter is 
required.   
Recent studies have also indicated that free radical production generates volatile 
substances in sonicated dairy solutions after high and low frequency sonication (Riener et al., 
2009; Juliano et al., 2014; Martini & Walsh, 2012).  In these studies, it is speculated that 
formation of volatiles is proportional to ED, but again, these claims must be supported.  Based 
on this thesis, we also believe these unknown chemical processes are in-part proportional to 
ED but also depend on the product composition with lipids and proteins requiring attention. 
The pH of treated solutions as well as temperature during processing must also be accounted 
for.  
This project would aim to study the effects of low frequency (20 kHz) sonication on the 
oxidative stability of reconstituted milk protein solutions based on reconstituted WPC, WPI, 
caseinate and Whole- and Skim-milks taking into account the composition, pH, and 
temperature with respect to applied ED.  
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